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PREFACE 


This  book  is  intended  as  a  text-book  for  technical  schools  and 
colleges  on  certain  parts  of  the  broad  subject  of  hydraulics,  viz. 
water  pressure,  the  stability  of  simple  structures  subjected  to 
water  pressure,  the  flow  of  water,  the  measurement  of  flow,  and 
the  fundamental  principles  of  hydraulic  motors. 

The  design  of  hydraulic  motors,  and  other  hydraulic  machinery, 
aud  the  design  of  water  power  plants  are  subjects  too  extensive 
to  be  properly  treated  here,  and  too  important  to  be  given  but  a 
{wssing  notice ;  they  have  therefore  not  been  attempted.  Certain 
drawings  of  water  motors  have  been  inserted  by  way  of  illustrat- 
ing fundamental  principles,  which  are  of  interest  to  all  students 
of  engineering. 

Teachers  and  engineers  are  frequently  confronted  with  the  fact 
that  beginners  have  too  much  confidence  in  the  numerical  results 
obtained  by  solving  hydraulic  formulas,  that  they  do  not  suffi- 
ciently realize  the  possibilities  of  difficulties,  and  that  in  prac- 
tice, problems  are  rarely  as  free  from  complications  as  classroom 
etamples.  Moreover,  while  it  is  easy  to  make  clear  that  from 
the  standpoint  of  practical  hydraulics  experiments  and  experi- 
ence furuish  the  only  sound  liasis  of  practice,  the  difficulty  always 
arises  that  the  range  of  practice  is  not  completely  covered  by 
experience.  To  fill  in  the  gaps  experimental  results  are  classified, 
and  from  them  are  derived  empirical  coefficients  and  formulas, 
which  are  indispensable;  but  they  should  not  be  used  blindly. 
There  is,  perhaps,  no  better  way  to  prevent  improper  use  ot 
empirical  formulas  than  to  keep  before  students  the  experimental 
results  upon  which  such  formulas  are  based,  and  these  should 
always  be  available  for  the  few  who  will  study  them  in  detail. 

In  so  far  as  the  limits  of  one  volume  will  permit,  the  authors 
have  tried  to  meet  the  following  requirements: 

To  present  as  directly  and  simply  as  possible  the  i 
metbmls  of  solving  hydraulic'problems ; 
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To  poiut  out  difficulties  that  arise  in  practice,  and  how  to  rai 
them; 

To  present  such  empirical  coefficients  and  formulas  aa  are  in 
good  uae,  pointing  out  their  limitations  in  so  many  words  if 
feasible,  but  especially  by  giving  at  the  same  time  experimental 
values,  and  the  limits  of  experiments,  not  only  for  guidauee  in 
using  empirical  values,  but  to  train  the  judgment  of  the  user 

To  provide  tables  of  suitable  precision  and  extent,  and  diagrams, 
to  save  time  in  computations  ; 

To  indicate  as  an  essential  part  of  the  subject  the  present  si 
of  practice,  which  is  changing  rapidly ;  for  tliis  reason  a  few 
ters  will  be  found  which  are  on  the  point  of  becoming  obsolete, 

The  arrangement  of  the  subject  matter  lias  htieu  planned 
these  ends  in  view,  and  for  that  reason  it  has  seemed  desiral 
to  connect  as  closely  as  possible  related  formulas,  coefficients,  and 
the  practice  of  water  measurements,  and  to  finisii,  in  a  manner, 
each  subdivision  of  the  subject  as  it  is  taken  up.  Bernoulli's 
theorem,  modified  to  include  the  effects  of  resistances  to  flow, 
is  taken  to  be  the  basis  for  formulas  of  flow  in  geneial ;  and  in 
the  present  state  of  experimental  knowledge  is  a  good  working 
hypothesis.  This  premise  once  stated,  the  equations  of  flow 
through  different  apertures  or  channels  are  assumed  to  be  appli- 
cations of  Bernoulli's  theorem. 

Piezometers  that  will  give  a  true  measure  of  head  or  intensity 
of  pressure  are  essential  to  accurate  results  both  in  practical  and 
experimental  hydraulics ;  many  important  and  otherwise  very 
accurate  experiments  stand  with  a  much  diminished  value  be- 
cause defective  apparatus  was  used  in  measuring  head  or  pres- 
sure. Certain  experiments  on  Pitot  tubes  show  very  well  the 
fundamental  difficulties  iu  making  a  true  piezometer;  for  this 
reason  piezometers  are  taken  up  in  connection  with  Pitot  tubes. 
In  the  chapters  on  Venturi  meters  and  nozzles  are  also  shown 
good  forms  of  piezometer  rings  and  gauges. 

Somewhat  more  than  usual  attention  has  been  given  to  rod 
float   measurements,  and   especially  to   current  meter   measure- 
ments ;  because  of  their  practice  they  are  of  snflicient  importance, 
I  if  taken  up  at  all,  to  deserve  more  than  passing  notice. 
ft       Logarithmic  diagrams  to  show  the  discharge  through  nearly 
I. all  forms  of  apertures  are  relatively  simple,  and  very  useful  for 
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office  computations;  they  may  easily  be  made  on  a  scale  suffi- 
ciently open  to  take  ofif  results  as  accurately  as  hydraulic  coeffi- 
cients warrant;  several  kinds  of  these  diagrams  are  given. 
Logarithmic  diagrams  «and  methods  are  unusually  valuable  as  a 
means  of  analyzing  experimental  results ;  and  it  is  not  improb- 
able that  with  the  general  increase  in  the  use  of  these  methods 
more  satisfactory  expressions  may  be  found  for  computing  the 
loss  of  head  in  flowing  water. 

An  extended  study   of  pipe   experiments    will   be   found   in 

Table  XLIX ;  elsewhere  well-known  tables  of  coefficients  are  also 

given ;  and  it  is  suggested  that,  in  using  the  latter,  experimental 

results  should  always  be  consulted.     We  have  retained  the  Chezy 

formula  because  it  is  still  in  very  good  use;  and  we  have  not 

elaborated  the  very  satisfactory  exponential  formula  of  Williams 

and  Hazen  because  it  can  be  so  easily   procured  in  the  most 

economical  form,  that  is,  a  set  of  tables  which  entirely  cover 

the  needs  of  ordinary  practice.     This  study  of  pipes  includes  the 

experiments  on  old  pipes,  and  has  distinctly  strengthened  the 

opinion   of   the   authors  that  empirical    rules,   for  determining 

the  probable  efifect  of  ageing,  should  be  used  very  cautiously, 

and  that  in  general  such  allowance  should  be  made  in  the  light 

of  experimental  results. 

The  authors  gratefully  acknowledge  their  obligations : 
To  the  many  authors  whose  names  are  herein  given,  for  the  use 
of  their  experimental  results ; 

To  The  Pitometer  Co.,  The  Builders  Iron  Foundry,  James  Lef- 
fel  &  Co.,  The  Pel  ton  Water  Wheel  Co.,  The  Abner  Doble  Co., 
The  Allis-Chalmers  Co.,  Buff  and  Buff,  Dr.  Rudolf  Camerer,  for 
data  and  the  use  of  drawings ; 

To  Professor  A.  E.  Norton,  and  Mr.  C.  H.  Paige  of  Harvard 
University,  for  valuable  aid ; 

To  Professor  E.  V.  Huntington  of  Harvard  University  for 
valuable  suggestions,  and  for  Tables  LXIV  to  LXXVIII  inclu- 
sive, most  of  which  he  made  especially  for  this  book. 

HECTOR  J.   HUGHES, 
ARTHUR  T.  SAFFORD. 

Cambbidoe,  MaS8. 
lyOiTKLL,   Mars. 

July,  1911. 
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Page  261,  section  306,  column  6, 

second  item  should  read  23  (instead  of  3). 

Page  316,  equation  (47)  should  read : 
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seventh  item  should  read  102.4  (instead  of  02.4). 
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CHAPTER  I 

INTRODUCTORT 

1.  Hydraulics  strictly  means  the  science  of  fluids  in  motion. 
Hydrostatics  is  the  science  of  fluids  at  rest.  The  term  hydraulics, 
as  used  by  engineers,  includes  the  principles  of  hydrostatics ;  and, 
in  effect,  means  practical  mechanics  of  water. 

The  science  of  hydraulics  comprises  :    pressures  due  to  water ; 
the  stability  of  structures  subjected  to  water  pressures ;  the  flow 
of  water;   the  measurement  of  the  flow  of  water;   the  propor- 
tioning of  channels  to  convey  water ;  the  conversion  of  energy 
contained  in  water  (by  virtue  of  its  velocity,  elevation,  or  pres- 
sure) into  useful  work;    the  raising  of  water  by  pumps;   the 
transmission  of  energy  by  water  ;  the  storage  of  water ;  the  puri- 
fication of  water  for  domestic  and  commercial  uses ;  the  design 
of  vessels  to  move  in  water ;   and  various  special  applications 
which  have  been  developed  by  experiment  and  practice. 

The  subject  matter  of  this  book  will  be  confined  chiefly  to  ques- 
tions of  water  pressure,  the  stability  of  simple  structures  subjected 
to  water  pressure,  the  flow  of  water,  the  measurement  of  the  flow 
of  water,  and  the  fundamental  principles  of  water  motors. 

2.  Limited  application  of  theoretic  formulas.  Theoretic  hy- 
dromechanics, which  treats  of  fluids  without  viscosity,  hence 
without  friction,  while  leading  to  definite  and  reliable  results 
when  dealing  with  fluids  at  rest,  may  in  treating  of  fluids  in 
motion  yield  results  not  only  useless  to  the  engineer,  but  also 
positively  misleading.  The  formulas  expressing  the  laws  of  fluids 
in  motion,  derived  from  such  purely  theoretic  consideration,  have 
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become  in  many  instances  merely  a  framework  on  which 
hung  the  results  of  experiment.  While  the  formulas  are  ratic 
in  form  and  serve  to  define  the  limits  of  application,  they  have 
account  of  the  wide  range  of  numerical  coefiicients,  become  in 
strictly  empirical.  In  measuring  the  flow  of  water  the  engii 
must  have  recourse' to  experiments  to  determine  the  yaloi 
modifying  elements  for  the  problem  under  consideration. 

Units  of  Mbasube  and  Volume 

3.  Primary  units.  In  American  and  English  hydraulic  prac 
the  customary  primary  units  are  the  foot,  pound,  second,  c 
foot,  and  cubic  foot  per  second.  In  Continental  practice 
where  the  metric  system  is  used,  the  corresponding  units  are 
metre,  kilogram,  second,  cubic  metre,  and  cubic  metre 
second. 

Table  I  gives  the  principal  units  of  measure,  volume,  press 
and  energy  common  to  the  American  and  the  metric  systems, 
conversion  factors,  with  their  logarithms. 

TABLE  I 
Conversion  Table  for  tub  Principal  Units 


American  to  Metric. 

Feet  to  metres 

Square  feet  to  square  metres 

Square  inches  to  square  centimetres 

Cubic  feet  to  cubic  metres 

Cubic  inches  to  cubic  centimetres 

Cubic  feet  per  foot  to  cubic  metres  per  metre      .... 

Pounds  avoirdupois  to  kiloi^ams 

Pounds  per  cubic  foot  to  kilograms  iHjr  cubic  metre    .     . 

Foot  pounds  to  kilogram  metres 

Horse  power  to  metric  horse  power 

Horse  ]x»wer  to  kilowatts 

Pounds  ])er  square  foot  to  kilograms  per  square  metre  . 
Pounds  j>er  s<|uan.'  inch  to  kilograms  ]>er  square  centimetre 
Inches  of  mercury  to  centimetres  (barometer)  .... 
Degrees  Fahrenheit  to  Centigrade,  C  =  (F  -  :tJ)  x  J. 


Factor 


0.3048 
0.0929 
6.4516 
0.0283 

16.3872 
0.0929 
0.4536 

16.0184 
0.1383 
1.0139 
0.7160 
4.8824 
0.0703 
2.5400 
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TABLE   1,-^  (Continued) 


0 
^etric^     -to  American. 

1  m^^'C^r  =  89.37  inches  (flat),  U.  8.  Bureau  of  Standards 

Met-^K-^s  to  feet 

Squ-skie  metres  to  square  feet 

Sqix.2i^re  centimetres  to  square  inches 

Cul:^ic  metres  to  cubic  feet 

Cuk>  m<;  centimetres  to  cubic  inches 

Culz^mo  metres  per  metre  to  cubic  feet  per  foot      .... 

KiIo^;rams  to  pounds  avoirdupois 

Kilograms  per  cubic  metre  to  pounds  per  cubic  foot    .     . 
Kilogram  metres  to  foot  pounds    ......... 

Metric  horse  power  to  horse  power 

Kilowatts  to  horse  power 

Kilograms  per  square  metre  to  pounds  per  square  foot     . 
Kilograms  per  square  centimetre  to  pounds  per  square  inch 

Centimetres  of  mercury  to  inches 

Dejajrees  Centigrade  to  Fahrenheit,  F  =  §  +  C32. 


Factor 


3.2808 

0.5160 

10.7639 

1.0320 

0.1550 

1.1903 

35.3145 

1.5479 

0.0610 

2.7853 

10.7639 

1.0320 

2.2046 

0.3433 

0.0624 

2.7954 

7.2330 

0.8593 

0.9863 

1.9940 

1.3406 

0.1273 

0.2048 

1.3113 

14.2234 

1.1530 

0.3937 

1.5952 

Loo 


4-     Special  units.     Certain  other  units  of  volume  and  of  discharge 
are  frequently  used,  viz. : 

'I'he  United  States  gallon  of  231  cubic  inches.  One  gallon  of  water  may  be 
ta^en  to  weigh  8J  pounds.     1  cubic  foot  =  VA*  gallons  =  7.48052  gallons. 

Cubic  feet  per  minute ;  used  in  waterwheel  manufacturers'  catalogues. 

Gallons  per  minute ;  used  in  waterworks  practice,  the  discharge  of  pumps, 
of  play  pipes,  and  of  mains. 

^UoDs  or  million  gallons  per  day  of  24  hours ;  used  in  water  supply  and 
sewerage  practice. 

Acre-foot  (one  foot  in  depth  over  one  acre) ;  used  in  American  irrigation 
practice. 

Miner's  inch;  a  measure  of  discharge  used  in  western  American  hydraulic 
practice,  originally  the  discharge  through  an  orifice  one  inch  square,  the  head 
and  other  important  conditions  varying  in  different  localities.  •  Each  state,  by 
law,  now  defines  the  miner's  inch  in  equivalent  cubic  feet  per  second;  the 
value  in  different  states  varying  from  about  .02  to  .028  cubic  feet  per  second. 

A  mill  power,  a  measure  of  water  power,  varying  locally;  in  Lowell,  for 
example,  it  is  equivalent  to  25  cubic  feet  per  second  on  a  fall  of  30  feet. 

Rainfall,  evaporation,  and  run-off  are  frequently  stated  in  terms  of  inches 
^  depth  per  unit  of  drainage  area. 

Table  II  gives  conversion  factors  for  the  more  common  units, 
with  their  logarithms. 
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The  Weight  of  Water 

5.  The  weight  of  water.  The  weight  of  a  cubic  foot  of  water 
for  the  range  of  temperatures  used  in  hydraulics  may  usually  be 
taken  as  62.4  pounds  (for  rough  calculations  62.5) ;  and  of  sea 
water,  64.0  pounds.  The  weight  of  a  cubic  metre  of  water  is 
commonly  taken  as  1000  kilograms  at  4^  C. 

Variation  in  weight  of  water  with  change  of  temperature.  Above 
39.3°  P\,  the  temperature  of  maximum  density,  water  decreases 
in  density  as  the  temperature  rises ;  and  below  39.3^  F.,  decreases 
as  the  temperature  falls  to  freezing. 

Table  III  gives  the  weight  of  distilled  water  at  temperatures 
ranging  from  82^  to  212°  F. 

TABLE  in* 


TmniATirRB, 

• 

WuoHT  or  ▲  Cubic  Foot, 

Tkmpkratorb, 

Weight  of  a.  Cubic  Foot, 

I>iou»  F. 

te 

Degrees  F. 

w 

32 

62.416 

75 

62.261 

85 

62.421 

80 

62.217 

89.3 

62.424 

85 

62.169 

45 

62.419 

90 

62.118 

50 

62.408 

95 

62.061 

55 

62.390 

100 

61.998 

60 

62.366 

150 

61.203 

65 

62.336 

200 

60.135 

70 

62.300 

212 

59.843 

The  specific  gravity  of  distilled  water  at  39.3°  F.  being  1.000, 
the  specific  gravity  of  sea  water  is  about  1.025. 

6.  Increase  of  weight  of  water  due  to  impurities.  Water  entirely 
free  from  foreign  substances  is  rarely  found  in  nature;  and 
unless  water  contains  considerable  air  its  specific  gravity  is  al- 
ways higher  than  that  of  distilled  water  of  the  same  temperature. 
When  dealing  with  fresh  water,  except  in  the  most  refined  cal- 
culations, and  at  unusual  temperatures,  variation  both  in  tempera- 
tare  and  in  specific  gravity  may  usually  be  disregarded.  Sewage 
may  weigh  as  much  as  ^  per  cent  and  in  extreme  cases  1  per  cent 

•H.  Smith,  Jr.,  J^^ 
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more  than  distilled  water;  yet  such  differences  are  commonly 
neglected,  chiefly  because  the  degree  of  precision  attainable  in 
hydraulic  engineering  does  not  warrant  the  consideration  of  these 

variations. 

Atmospheric  Pebssuee 

7.  The  pressure  of  the  atmosphere.  Atmospheric  pressure, 
which  is  due  to  the  weight  of  the  air,  varies  with  meteorological 
conditions  and  with  differences  in  altitude.  For  hydraulic  prob- 
lems, it  is  sufficiently  accurate  to  use,  as  a  constant,  the  mean 
value  of  atmospheric  pressure  at  sea  level,  or  14.7  pounds  per 
square  inch  Qpa)^  commonly  designated  as  one  ^^  atmosphere." 

Units  of  Pressure 

8.  American  units.  In  American  and  English  practice,  inten- 
sity of  pressure  may  be  stated  in  pounds  per  square  inch  ;   in 


TABLE  IV 
CoNVERsroN  Factors  for  Units  of  Pressure 


Inches 

OP 

Merci-ry 

POHNDS 

PouMoe 

Fbbt  or 
Water 

Loo 

Loo 

PBR 

Squark 
Inch 

Loo 

PKR 

SyUARK 

Foot 

Loo 

Pounds  per 

square  inch  to 

2.308 

0.3632 

2.037 

0.3090 

1.0000 

0.0000 

144.00 

2.1584 

Pounds  jier 

square  foot  to 

0.01603 

2.2048 

0.01414 

2.1606 

0.00694 

3.8416 

1.000 

0.0000 

Inches  in  height 

of  mercury  to 

1.138 

0.0542 

1.000 

0.0000 

0.4910 

1.6910 

70.699 

1.8494 

Feet  in  height  of 

fresh  water  to 

1.000 

0.0000 

0.8826 

1.9458 

0.4333 

1.6368 

62.4 

1.7952 

Feet  in  height  of 

• 

sea    water    to 

1.025 

0.0107 

0.9047 

1.9565 

0.4442 

1.6475 

64.0 

1.8062 

Atmospheres    to 

33.923 
r  Sea    1 

1.5306 

29.942 

1.4763 

14.70 

1.1673 

2116.8 

3.3257 

Atmospheres    to 

water 

33.0i)«J 

Specific  gravities  used  in  this  table  are:  distilled  water,  1.000;  sea  water, 
1.025;  mercury,  13.5956. 

For  rough  calculations  the  weight  of  fresh  water  is  frequently  taken  as  62.5 
pounds  per  cubic  foot;  and  one  atmosphere  equivalent  to  34  feet  of  fresh  water, 
33  feet  of  sea  water,  or  30  inches  of  mercurv. 
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pounds  per  square  foot ;  in  the  height  in  inches  of  a  column  of 
mercury ;   in  the  height  (called  "  head  ")  of  a  column  of  fresh 
or  sea  water ;  or  in  terms  of  the  number  of  atmospheres.     The 
intensity  of  pressure  may  be  determined  by  direct  measurement 
of  the  bead,  or  by  means  of  a  gauge  calibrated  to  indicate  pres- 
sure   in  pounds  per  square   inch    measured    from    atmospheric 
pressure. 

Vacuum  is  usually  stated  in  head  below  atmospheric  pressure 
in  inches  of  mercury.  It  is  taken  as  the  difference  between 
Atmospheric  pressure  and  absolute  intensity  of  pressure  in  a  closed 
vessel  rather  than  the  absolute  intensity  of  pressure,  measured 
from  zero. 

Table  IV  gives  certain  factors,  with  their  logarithms,  for  the 
cc>n.version  of  units  of  pressure.  Table  LXI,  in  the  Appendix, 
in     a  more  extended  table. 

9.  Metric  units.     In  the  metric  system,  intensity  of  pressure 
^^^^y  be  stated  in  kilograms  per  square  centimetre;  in  kilograms 
^^  T  square  metre  ;  in  the  height  of  a  mercury  column  in  centime- 
^^-■"^s,  or  in  the  height  of  a  column  of  water  in  metres. 

The  Acceleration  due  to  Gravity 

10.  The  value  of  g.      In    American    and    English    practice, 
slocity  is  usually  expressed  in  feet   per  second,  and  accelera- 
on  in   feet  per  second  per  secand;    in  the  metric  system,  in 
etres  per  second,  and  in  metres  per  second  per  second.      The 
cceleration  due  to  the  force  of  gravity  (^)  is  a  minimum  at  sea 
*vel  at  the  equator ;  and  it  increases  with  an  increase  of  latitude, 
^nd  decreases  with  a  rise  in  altitude.    The  following  expressions* 
^ve  very  nearly  the  value  of  ff  for  any  latitude  (<^),  and  any  ele- 
"vation  on  land  (A  feet)  above  sea  level,     p  is  the  radius  of  the 
earth  in  feet. 

(1)  In  feet  per  second  per  second, 

,g  =  32.1740(1  -  .002662  cos  2  <^)  Tl  -  ^  - 

•  Travauz  et  Memoires  du  Bureau  International  des  poids  et  mesures,  Vol.  12 
(1002);  Comptes  rendus  de  la  troisihne  conference,  generale  des  poids  et  mesures 
^^unie  a  Paris  en  1901,  p.  08. 
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For  each  100  feet  increase  in  elevation,  the  correction  (diminu- 
tion) =  —  =.000193. 

(2)  In  centimetres  per  second  per  second, 

ff  =  980.665  (1  -  .002662  cos  2<^)  (l-^*); 

For  each  100  feet  increase  in  elevation  the  correction  (diminu- 
tion) =  ^  =  .00688. 
4p 

For  example,  in  latitude  42*^,  at  sea  level, 

ff  =  32.163  feet ;  ff  =  9.8033  metres. 

Functions  of  g.  The  value  of  ff  used  in  this  book  will  be  32.16, 
which  is  practically  the  value  for  latitude  42*^.  Common  func- 
tions of  this  value  and  their  equivalents  in  metres  are  here  given : 

TABLE  V 


9     •    • 

2g   .     . 

_1_ 

^9  ' 


In  FErr 


Number 


32.16 
64.32 

8.02 

5.347 ' 

0.01555 


Log 


1.5073 
1.8083 
0.9042 
0.7281 

2.1917 


In  Metric 


Number 


9.803 

19.607 

4.428 

2.952 

0.051 


Log 


0.9914 
1.2&24 
0.6462 
0.4701 

2.7076 


11.  Precision  in  computation.  In  this  book,  four-place  loga- 
rithms are  usually  stated,  because  they  give  a  sufficiently  high 
degree  of  precision  for  nearly  all  problems  considered.  In  the 
appendix  is  a  four-place  table.  The  precision  of  the  data  upon 
which  a  problem  is  based  should  indicate  the  required  nicety 
in  calculation.  In  general,  logarithms  should  be  used  to  one 
more  place  than  the  number  of  significant  figures  desired  in  the 
result.  Answers  should  be  computed  only  to  the  number  of 
significant  figures  justified  by  the  original  data.  Work  should 
invariably  be  checked,  not  only  to  eliminate  numerical  mistakes, 
but  also  to  make  certain  above  all  things  that  the  answer  is 
reasonable. 
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ProblemB 

1.  Convert  a  discharge  (volume  of  flow)  of  15  cubic  metres  per  second  into 
its  equivalent  in  cubic  feet  per  second. 

2.  Convert  a  discharge  of  14  cubic  feet  per  second  into  its  equivalent: 
(a)  in  U.  S.  gallons  per  minute ;  (6)  in  gallons  per  day  of  24  hours. 

3.  Convert  a  discharge  of  3,500,000  gallons  per  day  into  its  equivalent: 
(a)  in  cubic  feet  per  second ;  (6)  in  litres  per  second. 

4:  Convert  intensity  of  pressure  of  115  pounds  per  square  inch  into  its 
equivalent  in  kilograms  per  square  centimetre. 

5.  Convert  intensity  of  pressure  of  5.5  atmospheres  into  its  equivalent: 
(a)  in  pounds  per  square  inch ;  (6)  pounds  per  square  foot ;  (c)  head  in  feet 
of  fresh  water ;  (rf)  head  in  feet  of  sea  water ;  (« )  inches  of  mercury ;  (/)  metres 
of  fresh  water.  • 

6.  A  tank  16  feet  internal  diameter  and  40  feet  high  is  filled  with  water  at 
40^  F. ;  (a)  How  many  U.  S.  gallons  will  it  contain  ?  (6)  How  many  pounds  ? 
(c)  How  many  litres?    (d)  If  the  temperature  were  190°  F.,  how  many  pounds? 

7.  How  many  pounds  of  water  at  ordinary  temperature  will  be  contained 
in  a  48-inch  (internal  diameter)  pipe  1  mOe  long  ? 

8.  Compute  the  value  of  g,  (a)  for  latitude  20°  N.  at  sea  level;  (6)  for 
latitude  42}°  N.  at  sea  level ;  and  (c)  at  an  elevation  of  4000  feet  at  the  same 
latitudes. 
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12.  Fluids  are  sabstances  the  parts  of  which  oppose  little  or  no 
resiistance  to  distortion  of  form,  and  include  gases,  liquids,  ^^^ 
va]x>rB. 

Properties  of  a  fluid.  A  perfect  fluid,  that  is,  a  frictionlc^ 
fluid,  can  not  exert  resistance  to  shearing  or  tensional  stresses, 
and  takes  the  exact  form  of  a  Tessel  in  which  it  may  be  coD' 
tained.     Actual  fluids  do  exert  more  or  less  resistance  to  change 

m 

of  form ;  and  the  measure  of  this  opposition  is  termed  the  vi^ 
cosity.     The  lower  the  viscosity,  the  more  nearly  the  actual  ^P" 
proaches  the  perfect  fluid.     In  fluids  considered  in  engineerings* 
the  viscosity  is  slight.     With  fluids  in  motion,  the  resistance  '^^ 
motion  increases  with  an  increase  of  viscosity.     Water  at  r^ 
may  in  engineering  be  treated,  with  negligible  error,  as  a  perf^^ 
fluid. 

13.  Gases.     A  gas  is  a  compressible  fluid;  practically,  a  fl^^ 
in  which  slight  changes  of  pressure  produce  very  sensible  chan^^  , 
in  volume.     The  law  of  gaseous  pressures  may  be  briefly  stat^'^^ 
if  the  temperature  is  constants  the  pressure  multiplied  by  the  volt^^ 
is  a  constant, 

14.  Liquids.  A  liquid  is  a  fluid  which  changes  volume  r^  ^ 
sli subtly  even  with  considerable  variation  in  pressure,  and  wb^^^  ^^ 
the  pressure  is  entirely  removed  does  not  sensibly  dilate ;  b*^^^  ^ 
like  all  elastic  substances,  is  actually  compressible.  The  liqU- 
chiefly  considered  in  hydraulies  is  water. 

15.  Vapors.     A  licjuid  may  be  changed  to  a  gas  by  the  applicts^'"^    ^j 
lion  of  heat ;  an«l  a  gas  changed  to  liquid  form  by  the  abstracti^"*^      ^^] 
of  heat.     A  gas  on  the  i)oint  of  becoming  a  liquid,  or  a  liquid  o 
the  point  of  becoming  a  gas,  is  called  vapor.     Raiu  clouds  a^ 

water  vapor. 
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26.  Compressibility  of  water.  Water  at  its  rnaximum  density 
bas  a  coellicient  of  compressibility  of  about  .00005  •  for  each 
atixiuspbere  of  added  pressure;  and  a  modulus  of  elasticity  (^E) 
in  Compression  of  about  296,000.  The  coefficient  of  compressibility 
•Jeoxeases  and  the  modulus  increases  with  a  rise  in  temperature;  at 
212^  F.  they  are  about  .00004,  and  ^bout  360,000.  *  Thus,  a  cubic 
f^Xit;  of  water,  which  weighs  S2.4  pounds  under  one  atmosphere, 
*^Ji«Jer  a  pressure  of  11  atmospheres  weighs  62.4  (1  +  .00005  X  10) 

tJ2.43   pounds;    a   very  slight  increase.     This  correction  focf 
■rxipression,  like  that  for  temperature,  implies  a  higher  degree  o 
P**^cision  than  is  ordinarily  required  in  hydraulic  problems.    Water   ' 
^^■*     therefore,  considered  as  in  compressible, 

17.   The  free  surface  of  a  liquid.     That  surface  of  a  body  of 

^-'^iiid  at  rest  which  is  in  contact  with  a  gas  or  vapor  is  the  free 

**'-*T/ace.     It,  therefore,  is  a  surface  of  equal  pressure  normal  to  the 

*»"ie  of  action  of  the  force  of  gravity  at  any  point  on  the  surface 

*^^  tiie  eartli,  and  for  ordinary  engineering  work  may  be  considered 

**^  ^ariiontal. 

Tlie  free  surface  (so  called)  of  a  body  of  water  in  steady  motion 
^"V-ill  be  normal  at  any  point  to  tlie  resultant  of  (a)  the  force  re- 
*^Tiired  to  reduce  a  particle  of  <vater  at  that  point  to  rest  or  to 

t^**iiiform  motion  in  a  straight  line,  and  (J)  the  force  of  gravity 
^    1  this  particle. 

18.  Pascal's  law.  The  basic  theorem  of  the  laws  of  fluid  pres- 
sure i.t  Pascal's  law.  In  a  fluid,  the  pressure  at  a  given  point  is 
Xiormal  to  the  surface  on  which  it  acts,  and  of  equal  intensity  in  all 
^lirections. 

19-  Intensity  of  pressure.  The  intensity  of  pressure  (^)  is  the 
[la-ssure  per  unit  of  area  between  contiguous  fluid  surfaces,  or 
between  a  fluid  and  the  face  of  a  solid,  and  is  the  weight  of  a  eol- 
"mn  of  the  fluid  supported  by  a  unit  area.  The  intensity  at  any 
I  jxiint  is  therefore  measured  by  the  vertical  distance  from  the  point 
I  to  tlie  free  surface  of  the  fluid,  called  the  head  (^),  and  the  weight 
I  (v)  uf  a  culiio  unit  of  the  fluid.  Intensity  of  pressure  is  inde- 
Vt>«[ident  of  the  shape,  area,  or  direction  of  tlie  surface  presented 
|>to  ititt  liquid.     If  all  factors  are  given  in  corresponding  units  of 

•  Sialths'/nlnn  Phi/aiml  Tablet,  p.  83. 
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Ui^,  «MM;  nTnteoLr  intensitT  of  puMiiii  maj  be  expresBed  by  the 
iMUrwtu^  fnndzmental  formula : 

»=Jlar;  therefore^  i  =  ^-  (1) 

CMreftton  fonmila  for  intensitj  of  preoBure.  The  terms  com- 
ff^mly  fjn^l  U>  expTttm  intensities  of  pressure  are  in  several  differ- 
^jtt  uuiiM'f  nnch^  for  example,  as  feet  or  inches  of  water  or  of 
fft^ff'Mry^  or  of  oil  of  varioos  specific  gravities,  in  pounds  per 
n^^HHTH  inch  'or  square  foot,  kilograms  per  square  metre  or  square 
t'Mu\'iut*^,rH,  The  following  formula  may  be  used  in  converting 
f,%\9rf,m\oun  for  intensities  of  pressure  into  units  of  the  same 
nynUmt  r/r  r/thcr  systems : 

pss  hrf;  therefore,  A  ss-^-  (2) 

7 

A  tm  ihu  h«5ii(I  corresponding  to  an  intensity  of  pressure  p ;  A  being 

iiio  ij<9ight  of  a  column  of  any  given  liquid,  and  measured 

in  any  linear  unit. 

//  —  Mill  irjtenNity  of  pressure  that  will*  support  a  column  of  the 
^iv(Mi  li(|ui(l  of  height  A;  p  being  stated  in  any  unit  of 
woiglit  and  any  unit  of  area. 

7  —  (lin  wi^i^hi  of  a  prism  of  the  given  liquid  in  the  same  units  of 
wolj^lit  iiM  p,  having  for  its  height  one  unit  of  length  in 
\vhi(«li  h  in  inoaHured,  and  for  the  cross-sectional  area,  the 
unit  uroa  in  which/)  is  stated. 

tntoniiity  of  water  pressure.  The  weight  of  a  cubic  foot  of  water 
nni\  l»o  tuKon  us  i>*J.4  poumls  (see  §  6)  ;  therefore,  the  relation  be- 
<\MMM»  intouMity  of  pn^ssuro  (/>),  and  head  (A)  in  feet  of  water  is 

U\  i  I  >  /s  in  iHHUuls  por  squtire  fiX)t^=s  A  62.4 ;  and  A  =  -r^*     C^) 

62.4 

6'^  4 
U\    v»^   t'^  i*^   jHmnds  jH^r  squat\»  inch,  =  A -^^^=  A 0.4333;  and 

l\\lvlo  IV  i^wos  mvtVijiAtN  UvU>rs  with  their  U>crarithms  for  con- 
M^vliu^  x\v,us  \vt  j\tx^s5iu:x> :  a  uumx^  oxtoudevl  t^^Ke  i^LXI>  is  given 
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aO.  The  term  "  head  "  in  hydraulics.  The  word  head  has  various 
special  meaiiiugs  in  hydraulics,  but  their  distlnctious  have  become 
«flulled  by  a  necessarily  varied  usage ;  and  in  any  particular  case 

■  •fclie  intended  meaning  must  be  clearly  speciiied.     The  following 
special  meanings  may  be  distinguished: 
The  velocity  head  of  water  moving  with  a  given  velocity  is  the 
«4uivalent  height  through  which  a  body  must  fall  to  acquire  the 
aarae  velocity. 

I?  The  pressure  head  is  the  difference  in  intensity  of  pressure  be- 

tween two  points  in  a  body  of  water;  or  merely  the  intensity  of 
pressure  at  any  point. 
The  head  due  to  elevation  is  the  difference  in  elevation  between 
any  point  in  a  body  of  water  and  any  other  point  or  reference 
plane  either  within  or  without  tlie  body. 
The  head  due  to  atmospheric  pressure. 
Lost  head  in  flowing  water  represents  the  energy  irrecoverably 
expended  in  overcoming  resistances. 
Heads  or   pressures   are   measured  from  some  reference   point 
Visually   fixed   by  the   conditions   of   a   problem.     Intensities   of 
X^resaure,  unless  otherwise  stated,  are  measured  from  atmospheric 
.^^iresaure  as  zero. 

21.  Differences  in  intensity  of  pressure ;  effective  pressure.  In 
^^ompnting  the  effective  intensity  of  pressure  at  a  given  point  in  a 
'Vuid,  the  modifying  effect  of  the  action  of  external  forces,  such 
^  atmospheric  pressure,  compressed  air,  rarefied  air,  weights,  or 

|~n)echanical  force,  must  be  thoroughly  considered.  Obviously 
there  are  numerous  instances  where  the  effect  of  atmospheric 
pressure  may  be  disregarded  without  error  because  it  acts  equally 
on  opposite  sides,  yet  there  are  many  cases  where  the  fluid  prea- 
Kiire  on  one  side  of  a  surface  is  greatly  intensified  by  the  pro- 
duction of  a  vacuum  on  the  other  which  brings  the  atmospheric 
pressure  into  action.  Effective  pressure  is  determined,  therefore, 
by  differences  in  absolute  pressure  and  elevation. 
Example.  A  vessel,  shown  in  figure  1,  is  filled  with  water  to 
a  point  lUO  feet  above  the  axis  of  the  cylinder.  It  is  open  only 
at  />  to  the  atmosphere. 
At  any  point  on  the  line  AA'  the  abtolute  intensity  of  pressure 
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on  tUe  uiside  (/»)»:  100  X  .438 +p«  ==  43.S  + 14.7  »  aB 

Tliitf  pressure  acts  with  equal  intenBtr  in  iH 

At  A  the  eff'e'eUve  intensit  j  of  preasaie  on  ihe  didl 
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(t0^tr'<4J9-»^p\ 


i 


Yul.  1. 


f<ir«nce  iHitweeri  tho  inside  or  outside  pressures  =  100  x  .433  +/>* 
— /;^,  or  HJiiiply  4J{.Ji  pounds  per  square  inch. 

At  /y  the  al>Holiite  intensity  of  pressure  on  the  inside  =  96 
X  A'XA  -f  14.7  =  o<;.;j  pounds  per  square  inch. 

The  intensity  of  pn*ssurc  in  the  small  pipe  at  B  is  equal  to 
that  in  the  lar^e  cylinder  at  the  same  point. 

22.  Total  normal  pressure.  Intciusity  of  pressure  should  be  con- 
sidrrrd  a  iiknuis  of  <h't«Tiuinini,'  a  force  rather  than  a  force  itself. 
Intensity  of  pressure  multiplied  by  the  area  of  a  surface,  however, 
is  the  total  pressure  on  a  given  surface,  which  is  a  force.  To  define 
a  foriie  its  nuvjn'ituili\  liircrtlun^  juid  point  of  application  must  be 
kni)wn. 
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The  total  normal  fluid  pressure  on  an  immersed  surface  or  solid 
is  the  summation  of  all  the  forces  due  to  fluid  pressure  on  its  faces. 
On  irregular  surfaces,  the  total  normal  pressure  per  se  has  no  sig- 
nificance because  it  can  not  be  defined.  In  investigating  the 
effects  of  fluid  pressures  on  irregular  surfaces  or  solids  they 
should  be  divided  into  suitably  small  areas,  presenting  as  nearly 
as  may  be  regular  plane  surfaces.  The  magnitude,  direction,  and 
point  of  application  of  the  total  normal  pressure  or  force  on  each 
area  should  be  computed  and  considered  a  single  force.  The 
problem  then  consists  in  summing  up  these  individual  forces,  to 
determine  the  total  resultant  pressure  in  any  required  direction. 

23.  Uniform  and  non-uniform  pressures.  It  is  desirable  to  con- 
sider (1)  surfaces  subjected  to  pressures  of  uniform  intensity,  and 
(2^  surfaces  subjected  to  pressures  of  varying  intensity. 


Uniform  Fluid  Pebssurbs 

24.  Pressures  strictly  uniform.  When  all' points  of  a  surface 
immersed  iu  a  fluid  are  equally  distant  from  the  free  surface,  the 
intensity  of  pressure  is  uniform  over  the  whole  surface. 

25:  Pressures  assumed  as  uniform.  In  engineering  practice, 
many  cases  occur  in  which,  without  impairing  necessary  precision, 
the  intensity  of  pressure  may  be  assumed  to  be  uniform.  The  fol- 
lowing groups  include  the  important  cases : 

(1)  When  the  surface  is  in  contact  with  a  gas  or  a  vapor;  for 
example,  a  compressed  air  reservoir. 

(2)  When  the  surface  under  liquid  pressure  is  very  small,  i.e,^ 
an  elementary  area. 

(3)  When  all  parts  of  the  surface  are  under  such  high  inten- 
sities of  liquid  pressure  that  the  assumption  of  a  uniform  pressure 
will  not  introduce  error  in  excess  of  the  limits  fixed  by  the  other 
factors  of  a  problem.  This  group  includes  water  pipes  under 
I)reHSure,  certain  forms  of  steam  boilers,  of  gates  and  valves,  and 
many  receptacles  for  liquids.  The  uniform  intensity  which  is 
usually  assumed  is  the  effective  pressure  either  on  the  lowest  point 
of  the  area,  or  on  its  center  of  gravity. 
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HoUtiOB.     In  Chapters  II,  III,  and  IV  the  following  symbols 
will  be  used : 

p  =  iDtensitj  of  pressure. 
J'  =:  the  total  normal  preasure. 
S=  the  horizontal  component  of  P. 
V=  the  vertical  component  of  P. 
Directions  will  be  designated  by  the  total  number  of  degrees 
from  0,  measured  as  in  trigonometry ;  that  is,  coutra^ilockwise. 

'  26.  An  Immersed  pUne  surface  parallel  to  the  free  sniface  of  the 
water.     Consider  an  irregular  plane  surface  BODE,  area  A,  lying 
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in  a  horizontal  plane  A  feet  below  the  free  surface  of  the  water. 
See  ligure  2. 

Let  a,,  Oj,  ■■■  a,,  be  elementary  areas- 

The  intensity  of  pressure  at  any  point,  equation  (\\  =  p  =  h'W, 

The   magnitude  of  P.     The   normal  pressure   on   any  element 
(§  22)  =  hwa^. 

The  total  normal  pressure  (i*)  is  the  sum  of  the  normal  pres- 
sures on  all  elementary  areas. 

Since  Limit  2(.ai  +  £13+  ■■■  «,)  =  area  (yl). 
P  =  Limit  £(a,  +  03+  ■  ■  ■  Op  =  Pj„  J„  ^■>'h  =  pA  =  hwA. 

Example.     If   A  =  20   feet   and  A=\0  square    feet,  P  =  '20x 

62.4  X  10  =  12,480  pounds. 
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The  direction  of  P.  Since  the  pressure  on  every  elementary 
area  must  be  normal  to  the  surface,  it  is  therefore  vertical  and 
downward,  i.e.  its  direction  is  270*^;  and  P,  which  is  the  re- 
sultant of  this  system  of  parallel  forces,  must  have  the  same  direc- 
tion, 270''. 

The  point  of  application  of  P.  The  point  of  application  of  P, 
called  the  center  of  pressure,  must,  since  the  intensity  of  pressure 
is  uniform  over  the  area  A,  and  P  is  the  resultant  of  a  system  of 
parallel  forces  normal  to  ^,  be  the  center  of  gravity  of  the  area  A. 

27.  A  plane  surface  subjected  to  uniform  intensity  of  pressure. 
Consider  an  irregular  plane  surface  BCDEy  area  A^  subjected  on 
one  side  to  a  uniform  intensity  of  pressure,  p.     See  figure  3. 


Fio.  3. 


The  magnitude  of  P.     The  total  normal  pressure  P  =  pA. 

The  direction  of  P.  The  direction  of  P  is  normal  to  J9i>,  i.e,  at 
an  angle  of  (^-90°). 

The  point  of  application  of  P.  The  point  of  application  of  P,  or 
center  of  pressure,  is  at  the  center  of  gravity  of  BCDE,  since  the 
intensity  of  pressure  is  uniform. 

The  components  of  P.  H^  the  horizontal  component  of  P,  = 
P  cos  (0  -  90°)  =pA  sin  0. 

V\  the  vertical  component  of  P,  =  P  sin  (^  —  90°)  =  pA  cos  0. 
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Exxtmjfle.  If  A  =  50  square  indies ;  p  =  100  pounds  per  square 
inch  J  fl  =  300°.     Then 

7*  =  100  X  50  =  5000  pounds. 

(^  -  90°)  =  300"  -  90"  =  210°. 
H=  100  X  50  X  cos  210^  =  5000  x  .86«  =  4333  pounds. 
r=  lUO  X  50  X  sin  210°  =  5000  x  .500  =  2500  pounds. 

Rule.  The  total  normal  pressure  oa  aa  immersed  plane  surface 
subjected  to  pressure  of  uniform  intensity  equals  the  intensity  of 
pressure  multiplied  by  the  area ;  utid  the  total  component  in  any 
direction  equals  the  intensity  of  pressure  multiplied  by  the  area  of 
the  projection  of  the  surface  on  a  plane  perpendicular  to  the  given 
direction. 

28.  A  curved  surface  subjected  to  uniform  intensity  of  pressure; 
a  general  Cftse  of  an  irregular  curved  surface.  The  total  normal 
pressure  on  a  curved  suila.ce,  wlicther  regular  or  irregular,  may 
be  said  to  be  the  sum  of  all  the  normal  pressures  on  all  its  parts  ; 
but  this  statement  is  without  practical  significance.  Although 
pressure))  normal  to  a  curved  Hurface  can  nut  for  practical  purposes 
be  couilnned  into  a  total  resultant  pressure,  yet  the  components 
in  any  direction  may  be  computed.  The  total  horizontal  pressure 
is  the  sum  of  all  the  horizontal  components  of  the  normal  pressures 
on  every  part  of  the  surface  ;  and  the  total  vertical  pressure  is  the 
sum  of  all  the  vertical  components.  An  irregular  curved  surface, 
representing  a  general  case  for  curved  surfaces,  will  be  considered. 
See  figure  4. 

Let  an  irregular  curved  surface  BDEO,  of  area  A,  be  subjected 
to  a  pressure  of  uniform  intensity,  p,  on  its  entire  under  face. 
Let  Hie  planes  CF  and  RL  represent  rectangular  planes  of  refer- 
ence. The  platie  of  the  paper  is  a  vertical  plane  of  reference. 
(-'oiiipute  the  total  horizontal  pressure  to  the  riglit  of  CF.  toward 
Ji;  also  to  the  left  toward  X,  both  parallel  to  RL;  and  the  total 
upward  and  downward  vertical  pressures. 

Let  the  planes  S'I'J'K'  and  H'T'J^'K"  be  perpendicular  to  the 
horizontal  plane  of  reference  RTid  to  the  line  RL,  I^et  the  plane 
H"'I"'J"'K"'  be  perpendicular  to  the  plane  of  tlie  paper. 

Divide  the  whole  surface  into  elements  of  area  dj,  o^,  ■■■  o„  which 
being  very  small  are  [iractically  planes. 
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Magnitttde  of  the  total  horlzoatal  presaare  toward  the  left.  The 
total  normal  pressure  on  a^  ^pij,  on  a,  =  pa^,  and  in  like  manner 
for  every  element  of  area;  each  of  these  pressuies  is  the  normal 
pressure  on  a  plane  area. 

Tlie  projection  of  the  element  a,  on  ff^FJ'K'  is  a\ ;  and  the 
horizontal  component  of  ^Oj  toward  X  ia  pa' ^  (§  27).     Id  a  similar 
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manner  for  every  element  in  the  surface  BCFO,  its  horizontal 
component  is^  multiplied  by  its  projection  on  H'I'J'K'. 

The  snm   of  the  projected  areas=Limit  ^(a\-}-a\-\ «'„) 

i-area  B'C'F'G';  and  therefore,  the  total  horizontal  pressate 
toward  the  left  =  Limit  SpCo'i  +  a'gH o/^=p  x.  Area.  B'C'F'G'. 

Point  of  application.  Since  p  is  uniform,  the  point  of  applicn- 
tion  must  be  on  the  surface  BCFO,  on  a  horizontal  line  through 
the  center  of  gravity  of,  and  normal  to,  its  projection  B'CF'G'. 

Magnitude  of  the  total  horizontal  pressure  toward  the  right.  By 
similar  reasoning,  it  may  be  shown  that : 

The  sum  of  the  projected  areas^Limit  S(a"j  +  a",H — a"„,) 
=  area  C"J)"F"F" ;  and  therefore  the  total  horizontal  pressure  to 
the  rights  Limit  2p(a"j  +  (i"^+...(iV)  =  i'  x  area  0"I)"F"F". 
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Point  of  application  is  on  a  IioriKontal  line  tlirougti  tho  oenter*  of  I 
gravity  of  V"D"E" F". 

Magnitude  of  the  total  vertical  pressure  upward.     The  projection 
of  BDEG  on  the  plane   of   reference  is  &" Lf" E'"  G"' i   and   hy 
reasoning  similar  to  that  of  computing  the  horizontal  pressures*    ' 
the  total  vertical  pressure  upward  =  p  x.  area  B"'jy"E"'G"'. 

Point  of  application.  Its  point  of  application  is  on  the  unJer 
side  of  the  surface  BDEG,  on  a  vertical  line  through  the  center 
of  gravity  of  its  projection,  B'" P" E"' G'" . 

There  are  no  componenta  vertically  downward. 

Example.  Let  the  area  of  the  surface  BDEG  be  200  square 
inches:  the  areas  of  ita  projections  be:  B'CE'G',  3.5.8  square 
inches;  C"D"E"F",  10.7  square  inches;  and  B"'D"'E"'0"',  Tl.ti 
square  inches ;  and  p  =  200  pounds  per  square  inch. 
The  total  horizontal  pressure  to  the  left  =  200  x  35.8  =  71  tJO  pounds. 
The  total  horizontal  pressure  to  the  right=  200  x  10.7 1=  2140  pounds. 
The  total  vertical  pressure  upward  =  200x71.6  =  14,320  pounds. 
The  total  vertical  pressure  downward  =         0  pounds. 

The  point  of  application  in  any  case  must  be  determined  from 
the  shape  of  the  projections :  if  regular  figures,  by  mathematical 
formulas;  if  irregular,  by  approximate  methods. 

The  total  normal  pressure  pA,  while  obviously  200  x  200  =  40,000 
pounds,  has  no  definable  direction.  aii<l  is  therefore  of  no  value  in 
computations. 

Rule.  On  any  curved  surface  subjected  to  pressure  of  uniform 
intensity,  the  total  component  pressure  in  any  direction  equals  the 
intensity  of  pressure  multiplied  by  the  area  of  the  projection  of  the 
surface  on  a  plane  perpendicular  to  the  given  direction;  and  its 
point  of  application  is  on  a  line  perpendicular  to  the  projection 
and  through  the  center  of  gravity  of  that  projection. 

29.  Internal  pressures  of  uniform  intensity  in  thin  pipes  and 
other  cylindrical  vessels.  Hoop  tension.  Thickness  of  shell.  Con- 
sider a  pipe  or  cylindrical  vessel  (figure  5),  subjected  to  an  in- 
ternal water  pressure  of  uniform  intensity,  p. 

Let  the  shell  he  thin  and  of  homogeneous  material,  and  have  the 
following  dimensions:  2)  =  the  internal  diameter  in  inches,  and 
r  the  radius  ;  t  =  the  uniform  thickness  of  shell  in  inches. 
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p  =  the  effective  intensity  of  pressure,  or  the  difference  between 
the  absolute  interior  an4  exterior  intensities  of  pressure,  in 
pounds  per  square  inch. 

Since  the  shell  is  homogeneous  and  symmetrical,  and  the  pres- 
sure uniform,  the  forces  tending  to  rupture  the  material  in  a  plane 
parallel  to  the  axis  of  the  pipe  are  symmetrical  about  any  diam- 
eter.  Consider  a  strip  1  inch  long ;  and  let  AB  be  any  diameter. 


Sect/ on  on  E-F 


FiQ.  5  c. 


W^^M^^Jf  ^^^J^^^^^ 


I 

s 

The  total  upward  pressure  (  FJ,)  perpendicular  to  AB  (see  figure 
5  i),  due  to  the  normal  pressures  on  the  area  ABB  xl=jE>xi>xl, 
since  2>  x  1  is  the  horizontal  projection  of  one  half  the  circum- 
ference ABB.  There  is  also  an  equal  perpendicular  force  F^ 
opposite  in  direction,  due  to  the  normal  pressure  on  ACB  x  1. 

The  tendency  of  these  two  forces  to  pull  the  pipe  apart  at  A  and 
B  is  resisted  by  two  strips  of  material  having  a  cross-sectional 
area  of  2  ^  x  1  (see  figure  6  c).  Since  V^  is  uniformly  distributed 
on  the  projection  of  ABB^  the  stresses  at  A  and  B  are  equal. 

If  iS^  is  the  tensile  stress  in  pounds  per  square  inch  produced  in 
the  material  at  A  and  B^  the  total  resistance  of  the  material,  or 
hoop  tension  at  A  and  -B,  is  2  x  *?  x  ^  X  1,  which,  if  the  pipe  does 
not  rupture,  must  equal  the  force  tending  to  pull  the  pipe  apart 
at  A  and  B. 

Therefore  jo  2  r  =  2  *yt ;  ov  pr  =  St. 

The  tensile  stress,  aS,  =  ^  pounds  per  square  inch. 
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The  requisite  thickness,  ^  =  ^  inches ;   S^  being  in  this  case 
the  allowable  tensile  stress  in  pounds  per  square  inch. 

The  bursting  intensity  of  pressure,  ©ft,  =—^  ;    S^  in   this   case 

T 

being  ultimate  tensile  strength  in  pounds  per  squai*e  inch. 

30.   Formula  in  practical  use  for  the  thickness  of  cast-iron  pipes. 

The  following  formula  is  used  in  determining  the  thickness  of 
shell  in  the  specifications  of  the  New  England  Water  Works 
Association  : 

|>  =  intensity  of  internal  pressure  in  pounds  per  square 
inch. 

p^  =  additional  pressure  in  pounds  per  square  inch  allowed 
for  water  hammer. 

3300  =  allowable  unit  tensile  stress  for  cast  iron,  being  \  of 
16,500,  the  ultimate  tensile  strength  of  cast  iron  in 
pounds  per  square  inch. 

0.25  inch=  extra  allowance  for  deterioration  in  use,  or  eccentricity 

of  casting. 

Values  of  p'  used  in  allowing  for  water  hammer :  * 


Nominal  Diambtxr  or  Pipb  in  Inohxs 

P*  IN   POITNDB  PBR  SqUAKB   InOH 

4,  6,  8,  and  10 

120 

12  and  14 

110 

16  and  18 

100 

20 

90 

24 

86 

30 

80 

36 

75 

42  to  60 

70 

Note  tliat  the  allowance  for  water  hammer  is  in  most  cases  greater  than  the 
actual  fluid  pressure.  In  Chapter  XVII  will  be  found  two  formulas  for  com- 
puting water  hammer. 

*  From  »'  Standard  Specifications  of  the  New  England  Water  Works  Association," 
adopted  Sept.  10,  1902.     Journal  N.  E.  W,  W,  Assoc,  Vol  16,  1902,  pp.  89,  348. 
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Example.  Compute  the  requisite  thickness  of  a  24-inch  cast- 
iron  pipe  for  a  pressure  head  of  100  feet. 

^^  (100  X  .433  4-  85)12  ^  ^^^  .^^^^ 

8300 

Compute  the  intensity  of  pressure  required  to  burst  this  pipe. 

16500  X  .72     QQ^  ,  .     , 

jt?ft  = — =  990  pounds  per  square  inch. 

The  table  on  the  following  page,  computed  by  the  N.  E.  W.  W. 
formula,  represents  prevailing  American  practice  as  to  dimensions 
of  cast-iron  water  pipes. 

Class  A  is  computed  for  a  pressure  head  of  50  feet ;  class  B  for 
100  feet;  each  succeeding  class  advancing  by  an  increase  in  head 
of  50  feet. 

31 .   Formula  for  determining  the  thickness  of  riveted  steel  pipes. 

aS^  =s  allowable  unit  tensile  stress,  usually  15,000  pounds  per 
square  inch,  \  of  the  ultimate  strength,  on  the  net  cross-sectional 
area,  that  is,  the  area  after  deducting  the  rivet  holes ;  or  15,000 
multiplied  by  the  eflSciency  of  riveted  joints,  which  varies  from 
.50  to  1.00. 

Note  cm  p'.  Although  the  practice  in  allowing  for  water  hammer  is  not 
as  well  defined  for  steel  as  for  cast-iron  pipes,  there  is  usually  some  provision 
against  it.  The  values  of  p'  given  for  cast-iron  pipes  are  recommended  as  a 
safe  guide  for  steel  pipes,  but  are  excessive.  The  student  should  bear  in  mind 
that  steel  as  a  material  is  more  reliable  under  tensile  stress  than  cast  iron. 

Minimum  thickness.  When  t  as  computed  by  this  formula 
gives  a  value  less  than  ^  inch  to  \  inch,  a  minimum  t,  determined 
by  practice,  must  be  used  instead  of  the  calculated  t ;  as  the  ordi- 
nary wear  would  destroy  a  thinner  pipe  in  a  few  years. 

Example.  Compute  the  requisite  thickness  of  a  24-inch  riveted 
steel  pipe  for  a  pressure  head  of  100  feet,  making  the  same  allow- 
ance for  water  hammer  as  for  cast  iron.  EflBciency  of  riveted 
joints  taken  as  .80 ;  3^  for  steel,  15,000. 

e=(M>ygB  +  85yi2^  128  inch. 
15000  X  .8 
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As  the  requisite  thickness  is  somewhat  too  thin,  it  should  be 
made  about  \  inch. 

Compute  the  bursting  pressure  if  the  ultimate  strength  of  steel 
is  taken  as  60,000  pounds  per  square  inch. 

.8x60000x0.25      iaaa  ^  •     i. 

Pf,  =  — -—^ =  1000  pounds  per  square  inch. 

32.  The  formula  for  pipe  thickness  holds  for  any  cylindrical  ves- 
sel, or  such  parts  thereof  as  may  be,  or  may  be  assumed  to  be, 
under  uniform  intensity  of  pressure.  Allowance  for  water  ham- 
mer need  not  be  made  when  provision  is  made  to  preclude  its 
occurrence. 

33.  The  total  pressure  in  a  cylindrical  shell  on  an  end  closed  by 
a  plate,  or  on  the  surface  of  a  bend.  The  total  pressure  parallel  to 
the  axis  on  the  flat  plate  GH^pirr^. 

The  projection  of  the  curved  surface  MNO  (see  figure  6  a)  on 
a  phtne  perpendicular  to  the  axis  is  irr^ ;  hence  the  total  pressure 
parallel  to  the  axis  on  this  curved  surface  is  pirr^. 
'  There  is  therefore  a  thrust  on  the  end,  and  on  the  bend,  of  jnn^ 
pounds,  which,  if  not  suitably  resisted,  will  set  up  a  longitudinal 
tensile  stress  in  the  shell,  pull  apart  the  joints,  or  cause  the  pipe 
to  creep;  in  some  cases  special  external  devices  are  required. 

34.  The  longitudinal  tensile  stress  in  a  cylindrical  shell.     If  i  is 

the  thickness,  the  cross-sectional   area   of   the 
shell  is 

7r(r  +  Aa- 7rr2=  2  7rr« -f  7re2  =  2  Trrffl  + -^Y 
fo    n  \        2rJ 

(See  figure  6.) 

If  5=  actual  unit  tensile  stress,  and  S^  =  al- 
lowable unit  tensile  stress  in  the  material  of 
the  shell. 

The  resistance  of  the  material 


Fig.  6. 


aS'2  Trr^^l  -H ~\=  the  thrust pirt^. 


Hence, 


/S= 


pirr^ 


_         pr 


2^(l  +  X)     2^1^^)- 
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,r,  S=!2i.-£:  (veryziei«ly)i 

The  intensity  of  bursting  pressure, 


if  S^  is  the  ultimate  unit  strength  of  the  mHterial. 

35.  A  hollow  sphere  sobjected  to  internal  presBore.  The  for- 
mulas for  longitudinal  stress  in  a  cylindrical  shell  apply  to  a  sphere; 

""^"^  P  =  jMrr»=5„27rrt;   5=J^;  and(  =  -£^. 

The  longitudinal  stress  in  a  pipe,  or  the  stress  on  any  diameter 
of  a  hollow  sphere,  is  obviously  but  one  half  the  "hoop  tension." 
(See  §  29.) 

36.  Resultant  of  the  axial  tbmsts  on  a  bend.  The  total  axial 
pressure,  parallel  to  KL  on  the  curved  surface  MNO  (see  figure 
5  a),  is  p-m^. 

At  right  angles  along  the  axis  /J"  there  is  an  equal  force,  ptrr^. 
Note  that  figure  5  a  is  a  special  ciise  of  a  right  angled  beud  ;  for  a  general 
j^  case,  see  fig,.re  7. 

The  single  force  along  the  bisector 
of  A  whicli  may  replace  these   two 
equal  forces  (/"),  *.e.  their  resultant, 
is 
je  =  Pco,^  +  Pco.^_2i'cos^. 


Example.     Given  a  bent  pipe :  p  = 
100  pounds  per  square  inch  ;   J>  =  24 
inches;  A  =  120°, 
Then       «  =  2  X  452.4  x  100  x  cos  60°  =  45,240  pounds. 

37.  Collapsing  pressures  on  cylindrical  shells.  When  the  ex- 
ternal exceeds  the  internal  intensity  of  pressure,  the  two  opposite 
forces  normal  to  any  diameter  tend  to  crush  the  shell,  or  cause  it 
to  collapse. 
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The  formala  for  a  true  cylindrical  shell,  if  t  is  given,  derived 
by  reasoning  similar  to  that  used  in  determining  hoop  tension,  is 

t 

S^  =  actual  compressive  unit  stress  in  the  material  in  pounds  per 
square  inch. 

If  Sea  =  allowable  compressive  stress,  t  =»  the  necessary  thick- 
ness ;  and  r^  =  the  outside  radius  of  the  cylinder, 

'Yhe  formula  differs  only  from  the  hoop  tension  formula  in  that 
the  stress  is  compressive  instead  of  tensile ;   and  would  indicate 
that  Sc  is  independent  of  the  length ;    this  conclusion,  however, 
is  not  confirmed  by  experience.     The  formula,  moreover,  is  appli- 
cable only  so  long  as  the  body  maintains  its  true  cylindrical  form. 
If  inaccurately  constructed,  or  locally  deformed,  the  stresses  set 
up  not  only  become  complex  but  also  intensify  with  increase  in 
deformation;    as  shown  by  numerous  cases  of  the  collapse  of 
cylindrical  vessels,  where  the  stresses  due  to  the  maximum  pos- 
sible intensity  of  pressure  as  computed  by  rational  formulas  have 
^dicated  an  ample  factor  of  safety. 

38.  Formulas  deduced  from  experiments.  Fairbaim^s  experi- 
ineats  on  thin  cylinders.  Sir  William  Fairbairn,  in  1858,  pub- 
lished* a  formula  for  collapsing  pressure, 

/2.19 

;;,«  9,672,000 1^. 

Limited  by  the  author  to  lengths  of  1.5  feet  to  10  feet. 
Pe  -  intensity  of  collapsing  pressure  in  pounds  per  square  inch ; 
t  S5  thickness  of  shell  in  inches ; 
^  3  length  of  shell  in  inches ; 
^0  =^  outside  diameter  in  inches. 

"This  formula,  entirely  empirical,  was  based  upon  two  series  of 
experiments.  The  first  series,  of  about  twenty-five,  was  made  on 
sheet-iron  tubes  .043  inch  t^ick,  riveted  and  soldered,  in  diam- 
eters from  4  to  12  inches,  and  in  lengths  from  15  inches  to  60 
inches;  the  second  series,  less  than  10  in  all,  on  cylinders  varying 

•  W.  C.  Unwin,  Proceedings  Inst,  of  Civ.  Engrs,,  Vol.  46,  p.  226. 
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in  thickness  from  ^  inch  to  |  inch,  in  diameters  from  about  8  to 
42  inches,  and  in  lengths  from  21  inches  to  420  inches.  Based  on 
this  meager  data,  with  later  additional  facts,  still  very  meager,  some 
half  score  formulas  bearing  the  names  of  distinguished  engineers 
or  scientists  have  been  published  in  the  last  half  century.  Ex- 
perience, however,  has  proved  no  one  of  them  to  be  satisfactory, 
and  most  of  them  virtually  inapplicable. 

39.    Stewart's  experiments  on  steel  lap-welded  tubes.     Professor 

R.  T.  Stewart,  in  1906,  published  *  the  results  of  an  elaborate  and 

accurate  set  of  experiments  on  steel,  lap-welded,  "  wrought "  tubes, 

carried  out  under  his  direction  at  the  McKeesport  works  of  the 

National  Tube  Company.     The  tests  were  made  in  two  series,  as 

follows : 

"  Series  One.  —  This  series  of  tests  was  made  on  tubes  that  were  8}  inches 
outside  diameter,  for  all  the  different  commercial  thicknesses  of  wall,  and  in 
lengths  of  2},  5,  10,  15  and  20  feet  between  transverse  joints  tending  to  hold 
the  tube  to  a  circular  form.  The  chief  purpose  of  this  series  of  tests  was  to 
furnish  data  for  determining  which  of  the  existing  formulas,  if  any,  were 
applicable  to  modern  lap-welded  steel  tubes,  especially  when  used  in  compara- 
tively long  lengths,  such  as  well  casings,  boiler  tubes,  and  long  plain  flues. 

"  Series  Two.  —  This  series  of  tests  was  made  on  single  lengths  of  20  feet 
between  end  connections,  tending  to  hold  the  tube  to  a  circular  form.  Seven 
sizes,  from  3  to  10  inches  outside  diameter,  and  in  all  the  commercial  thick- 
nesses obtainable,  have  been  tested  to  date.  The  chief  purpose  of  these  tests 
was  to  obtain,  for  commercial  tubes,  the  manner  in  which  the  collapsing 
pressure  of  a  tube  is  related  to  both  the  diameter  and  the  thickness  of  wall." 

The  tests  were  so  numerous  and  the  results  so  trustworthy  as 
to  prove  (a)  the  inapplicability  of  existing  published  formulas, 
based  on  Fairbairn's  experiments,  to  the  conditions  of  modern 
practice ;  and  (6)  to  establish  the  following  facts  and  formulas : 

(1)  The  length  of  the  tube  between  such  transverse  joints  as 
tend  to  maintain  cylindrical  form,  if  not  less  than  about  6  diameters, 
has  no  practical  effect  on  the  intensity  of  collapsing  pressure. 

(2)  The  formulas  for  modern  lap-welded  Bessemer  steel  tubes : 
(A)  ;?,  =  1000^1  -^1-1600A^  ;  for  values  of  p,  less  than 

681,  or  of  ~  less  than  0.023. 

♦  Transactions  of  Am.  Soc.  Mech,  Engrs,,  Vol.  27  (1006),  pp.  780-822. 
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(^)  p^  =  86,670  J--  - 1886 ;  for  values  of  p,  and  ^  higher  than 

jiven  above. 

j9«  =  intensity  of  collapsing  pressure  in  pounds  per  square 
inch; 
t  =  thickness  of  shell  in  inches ; 
2>Q  s  outside  diameter  in  inches. 

Example  (A).     Let  e  =  .206  inch ;  and  2)^=  10.027  inches. 

p^  =  1000(l  -^1  - 1600  T-j^^^^-  480  pounds  per  square  inch. 

JExample  (5).     Let  t  =  .319  inch ;  and  D^  «  10.000  inches. 
p^  =  86,670    '^TV  -  1886  « 1879  pounds  per  square  inch. 

(3)  As  the  apparent  fiber  stress  at  collapse  varied  from  7000  for 
.h.e  thinnest  to  35,000  pounds  per  square  inch  for  the  thickest 
^-a^Us,  for  similar  material,  it  appeared  that  the  strength  of  a  tube 
ulDJected  to  a  fluid  collapsing  pressure  is  not  dependent  alone 
upon  either  the  elastic  limit  or  ultimate  strength  of  the  material. 

40.  Distorted  tubes.  A  later  set  of  experiments  *  was  made  by 
St^cwart  upon  tubes  distorted  by  previous  testing,  to  determine  a 
formula  for  tubes  distinctly  not  cylindrical;  the  formula  deduced 
by  him  is : 

^,- 0.0926  ^^•_-«,y^^  + 47.55. 

j>«=  intensity  of  collapsing  pressure  of  normally  round  tube, 
in  pounds  per  square  inch  (§  39,  formula  A  or  B)  ; 

j>^  =  intensity  of  collapsing  pressure  of  a  distorted  tube,  in 
pounds  per  square  inch ; 

Jf =s  maximum  outside  diameter  divided  by  minimum  outside 
diameter  at  the  place  of  greatest  distortion. 

Example.     Let  430  pounds  per  square  inch  be  the  collapsing 
p^^ssure  for  the  normally  round  tube  computed  above  (§  39) ; 
it  distorted  so  that  maximum  outside  diameter  =  10.8  inches,  miur 
^^^m  outside  diameter  =9.0  inches ;  then 

•  Transactions  of  Am.  Soc.  Mech.  Engrs.,  Vol.  29  (1907),  pp.  123-130. 
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p,  =  .0926 


430  -  47.55 


(1M_  0.874 
V9.O 


} 


y;^  +  47.5»5  =  190  pounds  per  square  inch. 


Note.  "  This  formula  represents  exceedingly  well  the  results  of  the  experi- 
ments on  the  lap-welded  Bessemer-steel  tubes  that  were  subjected  to  successive 
retests  ;  and  is  strictly  applicable,  for  the  kind  of  distortion  to  which  it  applies, 
to  lap-welded  Bessemer-steel  tubes  for  a  range  of  thickness  of  wall  from  0.15  to 
0.20  inch  for  10-inch  tubes  whose  lengths  are  20  feet  between  end  connections 
tending  to  hold  them  to  a  circular  form.  The  practical  range  of  applicability 
is  of  course  beyond  the  aoove  narrow  limits,  but  to  just  what  extent  is  as  yet, 
in  the  absence  of  more  complete  experiments,  unknown." 

41.  In  computing  the  probable  collapsing  pressure,  one  should 
bear  in  mind  that  the  field  of  facts,  except  within  the  limits  of 
these  experiments,  is  practically  unexplored.  Outside  of  these, 
the  engineer  must  choose  one  of  the  many  existing  formulas,  and 
apply  it  with  a  very  large  factor  of  safety ;  which,  however,  may 
be  reduced  materially  if  the  shell  can  be  made  and  maintained 
truly  cylindrical. 

42.  The  hydraulic  press.  The  hydraulic  press,  first  put  into 
use  by  Hramah,  will  serve  to  illustrate  further  the  principles  of 

fluid   pressures.     See   fig- 
ure 8. 

Let  the  plunger  area 
fl  =  1  square  inch. 

Let  the  ram  area  A  = 
1000  square  inches. 

The  force  Fon  plunger 
at  C  in  addition  to  the 
force  due  to  atmospheric 
pressure  =  100  pounds. 

The  intensity  of  pres- 
sure due  toFatC  is  100  __ 

a 
100    pounds    per    square 
inch. 

The   intensity  of  pres- 
sure at   0  due  to  F  and  the  atmosphere  =  100  -f  /?«• 

Since  this  is  transmitted  undiminished  to  the  ram,  the  intensity 


Fig.  8. 
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»f  px^ssure  on  the  bottom  of  the  ram  corrected  for  difference  in 
elevation  A  =  100  -+- jt?«  4- 1  x  .433. 

Since  there  is  atmospheric  pressure  on  top  of  the  ram,  the 
effective  intensity  of  pressure  on  the  bottom  of  the  ram  is  100 
-I-  .433  =  100.433  pounds  per  square  inch. 

Since  the  area  A  =  1000  square  inches,  the  total  vertical  upward 
pressure  on  the  ram  =  100.433  x  1000  ==  100,433  pounds. 

43.  The  water  piezometer.  If  a  tube,  open  at  the  top,  is  inserted 
in  a  body  of  still  water,  the  height  of  the  column  of  water  inside 
the  tube  will  correspond  to  the  intensity  of  pressure  at  the  point 
where  the  tube  is  inserted.  Such  a  tube  used  for  measuring  pres- 
sure is  usually  called  a  piezometer.     See  figure  9  a. 

P  P 

1 


Flo.  9  a. 
Water  Piezometer. 


Fio.  9  6. 
Mercury  Gaage. 


Fio.  9  c.  Fio.  9  d. 

Differential  Gauges. 


^ 


44.  The  mercury  piezometer,  or  mercury  pressure  gauge.  If  a 
^he  inserted  in  a  body  of  still  water  is  led  to  a  closed  reservoir 
^ntaining  mercury,  into  which  a  second  tube  is  inserted,  the 
^Jiiercury  will  stand  in  the  second  tube  at  a  height  (A^)  above 
the  point  where  the  first  tube  is  inserted  in  the  water,  equal  to  A 
divided  by  the  specific  gravity  of  the  mercury.     See  figure  9  6. 

The  height  of  mercury  column  A^  = 


13.5966 
«m«  height  of  mercury  column  in  feet. 

^   =  height  of  equivalent  water  column  in  feet. 

1  inch  in  height  of  mercury  is  equivalent  to 
feet  of  water. 


= .07355  A. 


12  X  .U7o55 
''or  the  details  of  a  mercury  gauge  see  figure  73. 


—^  or  1.133 
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45.  The  differential  gauge  with  a  heavy  liquid.  If  a  U-tube 
(see  figure  9(?),  partly  filled  with  a  liquid  heavier  than  water, 
have  also  water  or  other  lighter  liquid  under  different  intensities 
of  pressure  in  each  leg,  on  top  of  the  heavier  liquid,  the  tops  of 
the  two  columns  of  heavier  liquid  will  have  a  difference  in  ele- 
vation or  deflection  (d)  depending  upon  the  difference  in  the  pres- 
sure p^  and  jE>2,  and  the  relative  densities  of  the  two  liquids. 

If  the  liquids  are  quiet,  the  equation  of  equilibrium,  using  heads 
to  represent  pressures,  may  be  written  as  follows : 

9  =  the  specific  gravity  of  the  lighter  liquid ; 
»'  =  the  specific  gravity  of  the  heavier  liquid. 

Then  Pi^P3^d(t:Zl\ 

7       7         \    »    / 

7  here  is  the  weight  of  a  unit  column  of  the  lighter  liquid. 
If  ?^  =  .25,  £i  -  =P?  =  0.25  d,  and  d  of  the  lighter  liquid  is 
four  times  the  actual  difference  in  pressure  heads. 
If =s  .10,  the  scale  is  ten  times  exaggerated. 

If  — ^-  equals  more  than  1.0,  the  difference  d  is  less  than  the 

actual  difference  in  pressure  heads  and  the  scale  is  not  enlarged 
but  reduced.  Such  reductions  in  scale  are  frequently  needed 
where  the  difference  in  pressures  is  great,  in  order  to  keep  the 
size  of  the  gauge  within  practical  dimensions.  Figure  86  shows 
such  a  gauge  for  use  in  a  pitometer. 

Example.  Let  the  heavy  liquid  in  the  tube  (figure  9  c)  be 
carbon  tetrachloride,  having  a  specific  gravity  of  1.26 ;  find  the 
difference  in  pressure  heads  corresponding  to  a  deflection  of 
2  feet,  if  the  lighter  liquid  is  water  (»=  1.0). 

7       7  1 

If  the  heavy  liquid  is  mercury  («'  =  13.6)  and  (i=  2,  the  differ- 
ence in  pressure  heads  is, 

£i  -  £2  ^  olMzil  =  26.2  feet  of  water. 
7       7  1 
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46.  The  differential  oil  gauge.  If  a  U-tube,  partly  tilled  with 
oil  and  inverted,  have  water  or  other  liquid  heavier  than  the  oil 
under  difference  of  pressure  sustaining  the  oil  in  each  leg  (see 
figure  9cf),  the  difference  (cJ)  in  the  heights  of  the  two  water 
columns  will  be  an  exaggeration  of  the  difference  in  the  pressure 
heads  due  to  p^  and  p^. 

It  the  liquids  are  quiet,  equilibrium  exists;  and 


'(^-f)=''(*'-o 


s 

Pi       i^2^^0'-O 

7       7  «' 

7  here  is  the  weight  of  a  unit  column  of  the  heavier  liquid. 

If  the  heavier  liquid  is  water  (^^  =1),  and  the  lighter  is  some  oil 
(t=  0.90),  and  d  =  1.0  feet, 

7       7  1 

The  nearer  the  specific  gravity  of  the  lighter  liquid  approaches 
that  of  the  heavier  liquid,  the  greater  will  the  exaggeration  in 
reading  be.  Williams,  Hubbell,  and  Fenkell,  who  reinvented 
and  established  the  use  of  the  differential  oil  gauge,  found  that 
kerosene  was  a  very  satisfactory  oil  to  use. 

The  specific  gravity  of  both  liquids,  even  if  one  is  water,  should 
be  precisely  determined  for  use  in  differential  gauges. 

Problems 

1.  A  vessel  similar  to  the  one  shown  in  figure  1  has  the  vertical  tube  filled 
with  water  to  a  height  of  408  feet  above  the  bottom  of  the  cylinder,  (a)  Com- 
pote the  absolute  intensity  of  pressure  in  pounds  per  square  inch  on  the  inside 
ilong  the  bottom  line,  (b)  Compute  the  total  axial  component  pressure  tend- 
ing to  blow  off  the  ends  of  the  horizontal  cylinder. 

2.  A  rectangular  solid  10  feet  by  10  feet  by  10  feet  is  submerged  in  water. 
Its  top  surface  is  horizontal,  and  30  feet  below  the  water  surface,  (a)  What 
is  the  total  normal  pressure  on  the  top  ?     (b)  on  the  bottom  ? 

3.  A  steel  cylindrical  tank  with  its  axis  vertical  is  30  feet  high  and  10  feet 
Id  diameter,  inside  dimensions.  It  contains  water  12  feet  deep,  the  remaining 
space  being  filled  with  compressed  air  at  100  pounds  per  square  inch  as  indi- 
cated by  an  ordinary  steam  gauge  placed  at  the  top. 
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(a)  Compnte  the  absolate  intensity  of  pressure  on  the  top  and  bottona  c 
the  inside  of  the  tank. 

(b)  What  are  the  total  effective  vertical  component  pressures  on  the  top  afl<^ 
bottom? 

4.  Compute  the  thickness  of  a  cast-iron  pipe  30  inches  internal  diameter 
under  a  head  of  180  feet  of  water,  using  the  N.  £.  W.  W.  Association  formula 
and  making  the  customary  allowance  for  water  hanmier. 

5.  For  the  same  head  and  water  hammer  allowance,  as  in  problem  4. 
compute  the  necessary  thickness  of  a  30-inch  riveted  steel  pipe.  Allowable 
stress  15,000  pounds  per  square  inch,  and  joint  efficiency  70  per  cent.- 

6.  What  internal  intensity  of  pressure  should  burst  the  pipe  of  problem  4, 
if  the  ultimate  strength  of  the  cast  iron  is  16,500  pounds  per  square  inch  in 
tension  ? 

7.  What  internal  intensity  of  pressure  should  burst  the  pipe  of  problem  5. 
if  the  ultimate  strength  of  steel  is  60,000  pounds  per  square  inch  in  tension? 

8.  Compute  by  Fairbairn's  formula  the  collapsing  pressure  for  a  steel  shell 
\  inch  thick,. 20  inches  external  diameter,  and  8  feet  long  with  atmosphma 
pressure  on  the  interior. 

9.  A  lap-welded  steel  tube  has  outside  diameter  9.625  inches,  and  thick 
ness  0.344  inch.     Under  what  intensity  of  external  pressure  should  it  collapse 

10.  A  lap-welded  steel  tube  has  outside  diameter  8  inches,  thickness  0.1^ 
inch.     Under  what  intensity  of  external  pressure  should  it  collapse? 

11.  Given  a  48-inch  pipe  with  quarter  bend,  internal  intensity  of  pressuc 
100  pounds  per  square  inch.  What  is  the  resultant  of  the  axial  thrusts  on  tha 
bend? 

12.  Water  under  a  pressure  of  20  pounds  per  square  inch  stands  in  th" 
upper  part  of  one  leg  of  a  differential  gauge  (as  shown  in  figure  0  c)  and  s- 
10  pounds  in  the  other  leg.  What  will  be  the  deflection  of  the  heavier  liquid 
(a)  if  its  specific  gravity  is  13.6?  (6)  if  its  specific  gravity  is  1.40?  (c)  i 
its  specific  gravity  is  1.95?  What  will  happen  if  a  liquid  lighter  than  wate 
instead  of  heavier  is  placed  in  this  kind  of  a  tube  ? 

13.  A  liquid  having  a  specific  g^vity  of  .95  is  placed  in  the  top  of  a  differ- 
ential oil  gauge  (figure  9  f/)  ;  the  oil  is  supported  on  water  having  a  specific 
gravity  of  1.005.  The  deflection  Ls  0.4  foot.  What  is  the  difference  in  inten- 
sity of  pressure  in  the  water  in  the  two  legs  in  pounds  per  square  inch  ? 

14.  A  hydraulic  jack  with  a  2-inch  ram  and  J-inch  plunji^er  is  to  lift  a 
weight  of  1.5  tons.  The  leverage  of  the  handle  is  12  to  1.  What  force  must 
be  applied  to  the  handle? 

15.  The  plunger  of  a  hydraulic  press  is  1  inch  in  diameter.  The  diametei 
of  the  ram  is  7  inches.  The  leverage  is  6  to  1.  What  weight  could  be  lifted 
on  the  ram  if  the  force  acting  at  the  end  of  the  handle  is  90  pounds  ? 


CHAPTER  III 
fluid  prbssxtres  of  vartinq  int 

Plane  Surfaces 

47.  A  plane  surface  subjected  to  pressures  of  varying  intensity. 

If  an  immersed  plane  surface  is  not  parallel  to  the  free  surface  of 
the  liquid,  the  intensity  of  pressure,  since  it  is  proportional  to  the 
head  at  any  point,  will  have  a  different  value  for  every  part  of  the 
surface. 

The  irregular  plane  surface  ABCD^  area  -4,  immersed  in  a 
liquid  and  inclined  at  any  angle  0  with  the  free  surface,  will 
represent  a  general  case  from  which  may  be  deduced  the  magni- 
tude of  the  total  normal  pressure  on  any  plane  surface,  and  of  its 
components,  its  direction,  and  its  point  of  application.  See 
figure  10. 

Let  a  J,  a^  •••  a„  be  elements  of  area  of  ABCD\  and  A^,  Aj,  •  •  A„ 
the  heads  upon  these  areas. 

The  intensity  of  pressure  on  a^  =  \w  =Pi;  on  Oj  =  ^w*  =  P2 »  ^^ 

The  total  normal  pressure  on  a^  =  h^wa^  =  p^a^ ;  on  ag  =  A2^^2 
-Pfy;  on  a„  =  KwUn  =  p„a„. 

The  total  normal  pressure  (P)  on  the  plane  area  ABCD  is  the 
sum  of  the  normal  pressures  on  all  its  parts  ;  that  is, 

P  =  Limit  2(A|^^al  -f  h^wa^  -f  •••  h^wa^. 

Let  the  intersection  of  the  plane  of  ABCD  with  the  free  sur- 
face, which  is  the  line  0-0,  be  taken  as  a  center  of  moments. 

Then  y  is  the  shortest  distance  from  0-0  to  any  element  of  area 
as  indicated  by  subscripts ; 

*^^      tfc  is  the   shortest   distance  from   0-0  to  the   center   of 
gravity  of  ABCD ; 

y,  is  the   shortest   distance  from    0-0  to   the  point   of 
application  of   P. 

35 
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From  the  figure, 

h^s=y^niQ  d;  h^  =  y^sin  0;  h,  =  y.  sin  0. 

Substituting  these  values  in  the  above  equation  for  P, 
P  =  Limit  £  (^i"!  +  ^jOj  H —  ysii.)  sin  0  Xto. 
Th^  moment  of  an  area  is  the  area  multiplied  b;  the  distance 


ffTlCAL.   PnOJ£CT(OM 


from  its  center  of  gravity  to  iiny  center  of  moments,  and  equals 
the  sum  of  the  moments  of  all  its  parta  about  tlie  same  center. 
Kxpressed  matheniaticalh', 
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Therefore,  Limit  ^iy^a^  4-  y^a^  ••  ynO  =  vA^ 
ATid  y^  sin  ^  =  A^  the  head  on  the  center  of  gravity  of  ABCD. 

Hence,  the   magnitude  of  the  total  normal  pressure,   (P),  = 
y^  sin  ^  X  w  X  -4  =  A^w^. 

The  direction  of  P  is  (tf  —  90)  measured  from  free  surface. 

The  point  of  application  of  P.  The  distance  from  any  center  of 
moments  to  the  point  of  application  of  a  system  of  parallel  forces 
equals  the  sum  of  the  moments  of  all  the  forces  divided  by  the 
sum  of  all  the  forces. 

Using  the  same  center  of  moments  0-0^  then 
(^y  sin  daf£7)y=:  moment  of  the  normal  pressure  on  any  infinitesir 

mal  area. 

Hence,  the  sum  of  moments 

=  Limit  2  {y^ay^  -f  y^cu^  H y^a^ )  sin  0w, 

^^^       ^  Limit  2  (y^^a^  -f  y^^  -f  -  yn^an)  s\n0w  ^JJ^    ^  ^ 


^*        Limit  2  (y^a^  -f  y^^^  +  •••  yn«»)  «i"  ^^ 


Jjy  Sx  By 


^,       .  __  Moment  of  Inertia  of  ^  _^  /'  __  /+  AyJ^ 

Ihatis,        y^-  Moment  of  A  ''M"     Ay, 

Also  y,yp  =  k^  +  y^K 

I^  moment  of  inertia  of  an  area  about  an  axis  parallel  to 

0-0  through  its  center  of  gravity  =  Ak^, 

I'  =  moment  of  inertia  of  area  about  any  other  parallel  axis. 

/"-I-  A,y^  =  general  equation  for  finding  7'  about  an  axis  distant  y 

from  the  given  axis  of  gravity. 

k^  =  radius  of  gyration  about  a  parallel  axis  through  the 
center  of  gravity. 

•  J..  \.,  ^^  ^y  is  ^^6  expression  for  an  element  of  area ; 
y  is  the  distance  from  the  center  of  moments  to  any  area ; 
r    \„y^^^y  =  suin  of  the  moments  of  the  elements  of  area. 
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Components  of  P.     The  horizontal  pressure  (/T), 

P  cos  (J9  -  90)  =  P  sin  0  =  h^w  (^  yBvCyD^). 

The  vertical  pressure  (  F'), 

P  sin  {0  -  90)  =  P  cos  ^  =  h,w  (^AuBaCaDj^ . 

The  direction  of  JT  is  here  180°.  The  direction  of  F"  is  here 
270^ 

Summary.  The  magnitude  of  the  total  normal  pressure  on  any 
immersed  plane  surface  equals  the  intensity  of  pressure  at  its  center 
of  gravity  multiplied  by  the  area  of  the  surface. 

Direction  of  the  total  normal  pressure.  Since  the  direction  is 
fixed  by  the  position  of  the  surface,  P  is  always  perpendicular  to 
the  surface  and  toward  it. 

The  point  of  application  of  the  total  normal  pressure,  or  of  its 
components,  is  through  a  point  on  the  immersed  surface  at  a 

distance  measured  parallel  to  the  surface  and  distant  -^  below 

the  center  of  gravity.    When  the  pressure  is  of  uniform  intensity, 

48.  Formulas  for  regular  areas.  For  regular  areas,  the  precise 
values  of  P  and  y^  are  most  easily  found  by  integrating  between 
their  proper  limits  the  expressions  : 

P=i/^s\n0wA  =  wQm0J   J   ySxBy;  and  y^  =       * 

49.  Table  VII  gives  the  properties  of  the  more  common  shapes 
thus  computed.  For  other  shapes  the  properties  may  be  found 
in  treatises  on  calculus  and  in  various  handbooks. 

50.  If  an  area  is  composed  of  one  or  more  regular  areas,  the 
precise  value  of  P  and  y^  for  each  area  may  be  found  as  above, 
and  the  total  normal  pressure  and  its  point  of  application  com- 
puted by  the  ordinary  methods  of  composition  of  forces,  or  more 
simply  by  the  following  rules. 

51.  Property  of  center  of  gravity.  If  y^  yg,  •••  are  the  distances 
from  any  fixed  axis  to  the  centers  of  gravity  of  the  partial  areas 
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Ay  A^,  •••,  and  y  =  the  distance  from  the  same  axis  to  the  center 
of  gravity  of  the  total  area  A^  then 

(I)  At/  =  A^i/^  4-  A^2  +  *••• 

(For,  the  sum  of  the  moments  in  one  direction  equals  the 
moment  in  the  opposite  direction.) 

52.  Properties  of  radius  of  g3rration.  If  k^  k^,  •••  are  the 
radii  of  gyration  of  the  partial  areas  A^^  A^^  •••  about  any  fixed 
axis,  and  k  =  the  radius  of  gyration  of  the  total  area  A  about  the 
same  axis,  then 

(II)  Akf^  =  A^k^^ -h  A^k^^ -{-  .... 

(For,  the  "  moment  of  inertia  "  of  the  total  area  equals  the  sum  of 
the  moments  of  inertia  of  the  separate  parts.) 

If  Ar=  radius  of  gyration  about  any  axis,  and 

k^  =  radius  of  gyration  about  a  parallel  axis  through  the  center 
of  gravity,  then 

(HI)  -  ]c^^k^^-\-j\ 

where  j  =  the  distance  between  the  axes. 

53.  Point  of  application,  that  is,  center  of  pressure  on  a  sub- 
merged area. 

If  y^  =  distance  to  center  of  pressure, 
and   yc  =  distance  to  center  of  gravity  of  the  area, 

then  Vpy^Vc^  ^\  =  V  +  V?-     •*•  Vp^Vc-^  -^» 

where  k  =  radius  of  gyration  about  an  axis  in  the  surface. 

If  the  yp  and  y^  for  the  partial  areas  are  known,  the  1^  for  each 
partial  area  can  at  once  be  found,  and  hence  the  J^  for  the  total 
area,  by  (II). 

Note  that  the  y^,  y^,  and  k  will  always  stand  in  the  following 
order  of  magnitude  :  y  >k>y  . 

54.  If  an  area  is  irregular,  it  may  be  divided  into  parallel  strips, 
or  small  areas  of  such  dimensions  as  the  required  precision  de- 
mands, and  the  normal  pressure  on  each  subdivision  treated  as  an 
individual  force ;  and  the  total  normal  pressure  approximately 
determined  by  the  formula 
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EXAMPLES 

55.  Cenfa^  of  momeBts.  A  very  convenient  center  of  moments 
is  the  line  of  intersection  of  the  immersed  surface,  or  the  surface 
prodaced,  with  the  free  surface  of  the  liquid,  which  will  be  taken 
in  the  following  examples,  and  designated  0-0. 

56.  A  vertical  wall  liaTlng  its  npper  edge  at  or  above  the  water 
snrface.  A  wall  with  vertical  faces,  as  shown  in  figure  11,  forms 
the  partition  between 
two  compartments  of 
a  reservoir.  One  is 
empty;  the  other  has 
water  20  feet  deep. 
Compute  the  total  nor< 
mal  pressure  on  the 
face  in  contact  with 
the  water. 

In  computations  for 
retaining  walls,  dams, 
sad  similar  structures, 
it  is  customary  to  con-  —  ^.^ 
slder  a  section  1  foot  ^^  ^ 
long-  If  the  structure 
is  homogeneous  and 
symmetrical,  the  com- 
patations  for  a  one- 
foot     strip     may     be 

applied  to  the  entire  strutAure  by  multiplication.     If  atmospheric 
pressure  Cpii)  exists  on  both  faces,  it  is  negligible. 

The  magoitildo  (rf  P.  The  immersed  surface  ABCD  has  an  area 
20  feet  X  1  foot  a  20  square  feet. 

A,  =  y,8in270°=10  feet. 

Therefore,  P  =  h^wA  =  10  x  62.4  x  1  X  20  =  12,480  pounds, 
or  (from  Table  VII) 

a«6         20  X  20  X  1 
_„: - 

The  direction  of  P  is  180°. 


-  X  62.4  =  12,480  pounds. 
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The  horizontal  and  vertical  components  of  P. 

ir=  P  cos  180°  =  12,480  pounds. 

r=P  sin  180^  =  0. 

The  point  of  application  of  P  (jf^>  Since  the  figure  is  sym- 
metrical, the  point  of  application,  or  center  of  pressure,  is  on  a 
vertical  bisecting  the  surface  ABCD^  and  distant  from  O-O, 

y,  +  ^' ;  but  V  =  ,4.  and  y,  =  ^   *<2  =  § ;  (Table  VII). 


y 


12 


2'  y« 


Therefore,  y,  =  10  +  ^  =  |  x  20= 13J  feet  below  O-O. 

57.  A  vertical  wall  having  Its  upper  edge  below  the  water  sur- 
face. A  masonry  dam,  as  shown  in  figure  12,  has  a  vertical  up- 
stream face.  The 
water  is  30  feet 
deep  on  the  up- 
stream face,  and 
there  is  no  water 
pressure  on  the 
downstream  face. 
Compute  the 
total  normal  pres- 
sure on  the  up- 
stream face. 

Consider  a  sec- 
tion 1  foot  long. 
Since  atmos- 
pheric pressure 
(^a)  acts  on  both 
faces,  it  is  neg- 
ligible. 

The  magnitude 
of  P.  The  iiu- 
mersed     surface 


Fio.  12. 


ABCD  has  an  area  20  feet  x  1  foot  =  20  square  feet. 

A,  =  y,  sin  270°  =  20  feet. 
Tlierefore,  P  =  h.wA  =  20  x  G2.4  x  20  =  24,960  pounds. 

The  direction  of  P  is  0°. 
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The  horizontal  and  vertical  components  of  P. 

J5r=  P  cos  0°  =  24,960  pounds. 

r=PsinO^  =  0. 

The  point  of  application  of  P  (y^).     The  point  of  application  is 
on  a  vertical  bisecting  the  surface  ABCD^  distant  from  0-0, 


A  a    V    .  *.«        a2 


;  (Table  VII). 


Therefore,  y-  ==  20  +  ??  ^  ^?  =  20  +  1*= 21.67  feet. 

12  X  20  • 


58.  A  vertical  sluice  gate  covering  a  circular  opening.     Com- 
pute the  total  normal  water  pressure  on  a  vertical  gate  covering 


FiQ.  13. 


a  4-foot  circular  pipe,  as  shown  in  figure  13.     Neglect  atmospheric 
pressure  Cj^a)* 
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The  magnitude  of  P.     The  area  A  =  12.57  *  square  feet. 

y,  =  30  -  2  =  28 ;    and  h,  =  28  sin  270^  «  28  feet. 

Therefore,  P  =  h,wA  =  28  x  62,4  x  12.57  *  =21,962  pounds. 

The  direction  of  P  is  0°. 

The  point  of  application  of  P  is  on  a  vertical  through  the  center 

of   gravity  of   the  opening   and  below  it  a   distance  -^-     From 
Table  VIL  ^=  ^ 


Therefore,         y.  =  28  +  ^-^  =  28.036  feet. 

4  X  28 

If  by  a  very  rapid  closing  of  the  gate,  and  withdrawal  of  the 
water,  a  complete  vacuum  should  be  produced  in  the  pipe,  the 
effective  head  would  be  increased  by  the  liead  due  to  atmospheric 
pressure,  and  become  28  -f  33.9  =  61.9  feet. 

P  would  then  be  48,550  pounds,  and 

yp  =  33.9  +  28  +  --^^^-  33.9=  28.016  feet. 

4  X  bl.9 

Under  an  assumption  of  uniform  intensity  of  pressure,  the  point 
of  application  would  be  at  the  center  of  gravity,  or  y^  =  28,  an 
error  of  about  ^  to  r^  of  1  per  cent,  and  obviously  neglig-ible. 
The  larger  the  area,  and  the  nearer  the  water  surface,  the  more 
y^  differs  from  y^.  Whether  to  consider  the  pressure  on  a  gate 
as  of  uniform  or  of  varying  intensity  is  a  question  of  the  degree  of 
precision  required  by  the  problem. 

• 

59.    An    inclined   gate   or   valve    covering    a   circular    opening. 

Compute  the  total  normal  pressure  on  an  inclined  gate  covering,  a 
6-foot  circular  pipe,  as  shown  in  figure  14.      Given  y^  =  10  feet. 
Neglect  (/?J. 
The  magnitude  of  P.     The  area  of  the  opening  A  is  an  ellipse 

in  which  a  = —-  and  b  =  r. 

sin  60° 

Therefore,  A  =  ^  =  irr^  x  l.lSo  =  32.65  square  feet. 

sin  60 

h,  =  y,  sin  240°  =  10  x  .^^i:^  =  S,66  feet. 

•  See  Tables  of  Areas  of  Circles,  LXVII  and  LXIX. 
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Therefore,  P  =  KwA  =  10  sin  60°  x  62.4  x  32.65  =  17,640  pounds. 

The  direction  of  P  is  330°. 

Horizontal  and  vertical  components  of  P. 

JBr=  17,640  cos  330°  =  17,640  x  .866  =  15,270  pounds. 

r=  17,640  sin  330°  =  17,640  x  .5  =  8820  pounds. 


»  %V\V.VfvVSS 
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The  point  of  application  of  P.     The  point  of  application  of  P  is 
on  a  vertical  through  the  center  of  gravity  of  the  opening,  and 

below  it  a  distance 
Therefore, 


^ .     From  Table  VII,  ^  =  -^ 
Vc  Vc      4  y, 


Vp 


=   10  +   ^^    ^    1.155)2  ^    ;^Q   _^   12  ^   ^Q^3     £^g^     fj.^j^      Q_Q^ 


4x10 


40 


If  in  computing  y^,  uniform  pressure  were  assumed,  y^  would 
be  10  instead  of  10.3,  an  appreciable  error,  but  only  3  per  cent. 

60.  A  lock  gate  with  sea  water  on  only  one  side.  Let  figure  15 
represent  an  elevation  of  a  lock  gate,  with  sea  water  on  only  one 
side.  For  sea  water,  take  the  weight  of  a  cubic  foot  (^^)  as  equal 
to  64  pounds. 

The  total  normal  pressure  on  ABCD^  its  direction,  and  its  point 
of  application  are  to  be  determined. 
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On  account  of  its  shape,  the  area  ABCD  can  not  be  readily 
treated  singly ;  but  inspection  shows  that  it  is  composed  of 
a  rectangular   area,  two   triangles,  and  a  segment  of  a  circle. 


Fio.  15. 

The  total  normal  pressure  on  each  area  can  be  determined ; 
and  from  these  their  resultant,  the  total  normal  pressure  (jP)  on 
ABCD. 

The  area  ABCD  =^  the  sum  of  the  areas  CDEF  Jf  BCF -^ 
ADE  +  CDS. 

Let  the  total  normal  pressure  on  CDEF=P^\  on  BCF=  P^\ 
on  ADE  =  Pg ;  and  on  GDH  =  P^.  Let  Aj,  A^,  A3,  and  A^  be  the 
heads  on  the  centers  of  gravity  of  these  four  areas. 

The  magnitude  of  Fy    P^  =  10  x  64  x  40  x  20  =  512,000  pounds. 

The  direction  of  P^  is  0°. 

The  point  of  application  of  Pj.  y^  =  |  x  20  =  13|  feet  below 
the  water  surface. 

The  magnitude  of  P^  and  Pg.    Since  the  trigingles  BCF  ?cvAADE 

""^^  "^  X  64  =  21,333 


are  equal,  P^  =  Pg  =  ^  ?^  (Table  VII)  =  ?^Ai 


pounds ;  and  P2  +  Pg  =  42,667  pounds. 
The  direction  of  P^  and  Pg  is  O''. 
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The  points  of  appUeatioii  of  P,  and  P3.  Since  the  triangles  aro 
similarly  placed  with  respect  to  the  water  surface, 

20 
y^  =  y^  =  —  (Table  VII)  =  10  feet  below  the  water  surface. 

The  magnitude  of  P4.     Area  of  segment  CDH^ 

^  X  60  X  50  (-^  -  sin  0\  =  112.4  square  feet. 

(9  =  angle  subtending  the  chord  CD,  =  47*"  9.6'. 

408 

Ceoiter  of  gravity  of  CDS =-- — — -  =  47.46  feet  from  cen- 

^        ^  12  X  112.4 

ter  of  circle,  or  21.6  feet  below  the  water  surface. 

P^  =  21.6  X  64  X  112.4  =  155,382  pounds. 
The  direction  of  P^  is  0^. 
The  point  of  application  of  P4. 

Vp^  =  y^^  +  -^  =:  21.7  (nearly)  below  the  water  surface. 

Inasmuch  as  the  segment  is  well  under  water,  no  serious  error 
would  result  if  y^^  were  assumed  equal  to  y^ . 

The  magnitude  of  the  total  normal  pressure,  P.  Since  the  com- 
ponent forces  are  all  parallel, 

P  =  612,000  +  42,667  +  155,382  =  710,049  pounds. 

The  direction  of  P.  Since  the  direction  of  Pp  Pg,  Pgi  and  P^ 
is  0^,  the  direction  of  P,  their  resultant,  is  0°. 

The  point  of  application  of  P.  Since  the  figure  is  symmetrical 
about  its  center  line,  the  point  of  application  is  on  the  center  line, 
distant  y,  from  the  water  surface. 

_  sum  of  moments  of  P^,  P^,  Pg,  and  P4 

therefore,  y^  = 

512,000  X  13j^-f  42,667  x  10+155,382  x  21.7  ^  ^^  gg   ^^^^^  ^^^ 

710,049 
water  surface. 

61.    A  solid  with  water  on  two  opposite  parallel  surfaces. 

The  rectangular  solid,  as  shown  in  figure  16,  has  two  vertical 
faces,  each  33  feet  high  and  8  feet  wide ;  the  water  stands  30  feet 
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sores  on  the  op- 
posite faces,  and 
the  resoltant  pres- 
sore  on  the  wall. 

Let  Ay^  be  the 
immersed  sorface 
CBG^H',  and  let 
Pj  be  the  total 
normal  pressore 
--   on  Ay 

Let  A^   be   the 
immersed  surface 
fl'If'K*  F^\  Hnd  let   P^  be  the  total  normal  pressure  on  A^. 

Th«  total  noffflAl  pressure  on  ii^  (A)- 

l\  -  KwA^  -  15  X  62.4  X  30  X  8  =  224,640  pounds. 
Ths  direction  of  P^  in  0^. 
The  point  of  Application  of  Py 

//,.  ^  H  X  J<0  =>  20  foul  below  water  surface,  0-0. 

Thi>  totAl  normal  pressure  on  A^  iP^* 

l\  -  h,^^v\  ^  r>  X  <;-J.4  X  10  X  8  =  24,960  pounds. 
Thp  direction  of  Pa  is  ISO''. 
Thi>  tniint  of  application  of  P,. 

♦*,,  —  ;J  \  10  -:  (ij|  foot  hoKnv  tho  lower  water  surface;  or 
*^0  lool  I  \\\  foot  bolow  tho  upjvr  water  surface,  0-0,  =  26.67  feet. 
Thi»  it^nuUaut  pressure  yP^. 
Siuoo  /*^  ;Mhl  /*^  ;uv  jv^rrtUol  opjnvjiite  forces, 

V  - 1\    i\  '  •'.: 4.r> u>  -  im,ihu>  =  iin\680  pounds. 

Vhe  ^^h'evU^xtt  \\f   P  is  hv>r;:vMUH^u  aud  since  Pj  is  greater,  the 


^v-.  ■-  fof-i  Sf^wtVO. 
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IToTK.  In  compnting  water  preasures  against  dams,  walls,  and  similar 
stmctarea,  tlie  difference  between  the  highest  possible  elevation  to  which  the 
'Water  can  ever  rise,  and  the  lowest  point  of  th^dam,  however  deep  in  the 
ground,  should  in  general  be  lued.  Moreover,  the  beginner  should  note  that 
the  difference  between  P^  and  P,  is  not  identical  with  the  pressure  on  EFGH. 
The  total  pressure  on  CDEF  =  25  x  62.4  x  10  x  8  =  121,800  poundR :  while 
the  prasure  on  C'DE'F'  =  5  x  82.4  x  10  x  8  =  24,960  pounds,  —  one  fifth  as 
■Mich ;  and  thej  do  not  offset  each  oUier. 


63.    An  Irregular  plane  snrface ;  method  of  approximatioD. 


Figure  17  may  represent  an  elevatiou  of  a  cut-off  wall  of  masonry 
or  sheet  piling,  a  coffer  dam,  or  any  irregular  plane  surface  with 
wat«r  on  only  one  side. 

Divide  the  figure  by  horizontal  lines  2  feet  apart  into  nreiis 
ai  -•■  a^. 

Assume  that  the  center  of  gravity  and  the  center  of  pressure 
of  a,,  a,,  etc.,  are  on  horizontal  lines  nu4l>>y  between  the  upper 
and  lower  boundaFies  of  eacli  small  area. 
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The  computation  to  determine  -4,  P,  A«^  y^  and  y^,  is  put,  for 

convenience,  into  tabular  form,  as  follows : 


1 

2 

3 

4 

5 

a 

y 

ya 

Figure 

Areas 

Distance  in  feet  fh>in  water  sor- 

Moment 

y*a 

sq.  ft 

fhce  to  centers  of  frravity 

of  areas 

«l 

5.').  6 

13 

725 

9,420 

^2 

47.6 

15 

714 

10,710 

«8 

37.4 

17 

636 

10,810 

«4 

32.0 

19 

608 

11,550 

«5 

26.4 

21 

554 

11,640 

«6 

20.0 

23 

460 

10,580 

^7 

5.7 

25 

142 

3,550 

224.7 

3839 

68,260 

A  =  2(ai  -f  •••  07)  =  224.7  =  area  of  figure.  -, 

^  2(^1+  •••  Oy)         224.7 

water  surface  to  the  center  of  gravity. 

K  =  ye  sin  270°  =  17.0  =  head  on  the  center  of  gravity. 

The  magnitude  of  P=  ^{yi^i  +    ••  y^(h)  ^^^  ^^  =  ^839  x  62.4 

=  239,550  pounds. 

The  direction  of  P  is  0°. 

The  point  of  application  of  P. 


I/i 


2(yjaj4-  "-  y^a^^  sin  dw        3839 


Similar,  but  more  precise,  approximate  solution.  By  taking  strips 
one  foot  wide  instead  of  two  feet,  the  following  results  would 
have  been  attained : 

P  =  248290  pounds  ;  yc  =  h,==  17.2  feet ;  y^  =  18.0  feet. 

The  difference  between  the  values  of  P  in  these  two  cases  is 
about  3^^  ^/r  ;  and  of  he  and  y^  slightly  over  1  % .  If  a  higher 
degree  of  accuracy  is  needed,  the  area  may  be  still  more  finely 
subdivided. 
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The  horizontal  coordinates  of  the  center  of  gravity,  and  the 
center  of  pressure  may  be  computed  in  a  similar  manner. 

63.   A  masonry  dam  with  water  on  one  side.    The  dam  shown  in 
section  in  figure  18  is  of  solid  masonry,  which  is  assumed  to  weigh 
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Fig.  18. 


160  pounds  per  cubic  foot.  Consider  a  section  one  foot  long. 
Although  there  may  be  water  on  the  downstream  side,  its  effect 
is  usually  neglected. 


The  point  of  applicatioii  of  Pj  =  2;  ^^0™  2>,  =  3  feet- 
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The  stability  of  the  structure  is  to  be  determined,  under  the 
action  of  the  following  forces : 

The  total  normal  pressure  on  the  plane  AD  (^P{) ; 
The  total  normal  pressure  on  the  plane  DE  (P2) » 
The  weight  of  one  foot  of  the  dam  ABBE  (  W)  ;  and 
The  resistance  of  the  foundation. 

The  magnitude  of  P^  =  y^^  sin  270^  tt;A  =  25  x  62.4  x  30  x  1  = 
46,800  pounds. 

The  direction  of  P^  =  270^  +  90°  =  360°  =  0°. 
The  point  of  application  of  P^ 

yp  =  25  +  ?5J<|0  from  0-0,  =  28  feet. 

The  magnitude  of  Pj  =  *r,  x  w  x  A  =  10  x  62.4  x  6  x  1  =  3744 
pounds. 

The  direction  of  Pj  =  270°. 

6 

2 

The  magnitude  of  W^U  x  30+  ^^y^)  ^  160=86,400  pounds. 

The  direction  of  Tr=  270°. 

The  point  of  application  of  IT  is  in  a  vertical  through  the  center 

of  gravity,  which  is  distant*  from   A  D,   ^^^  ^  ^"^J^^^^  "^  ^^  = 
lOJ  feet.  ^^ 

Conditions  of  stability  of  a  masonry  dam.  To  insure  stability 
and  permanency,  a  dam  should  be  built  with  suitable  provision 
against : 

I.  Sliding  bodily  as  a  whole  on  its  foundation;  or  in  part 
along  any  plane  in  the  structure. 

II.  Excessive  stresses  in  the  material  in  the  structure,  or 
excessive  pressure  on  its  foundation. 

III.  The  percolation  of  water  through,  under,  or  around  the 
dam. 

I.  Sliding.  The  forces  tending  to  move  the  dam  bodily  down- 
stream along  the  plane  AB  are  the  following : 

Pi  cos  0°  +  ^2  cos  270°  +  IF  cos  270°  = 
PiXl  +  P2xO-hTrxO=Pi  =  sliding  force  =  46,800  pounds. 
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If  there  is  no  cohesion  between  the  base  and  the  structure,  then 
the  only  resistance  to  sliding  is  the  friction,  which  equals  the 
sum  of  the  vertical  components  of  all  the  forces  multiplied  by  the 
coefficient  of  friction  (/i),  which  for  such  cases  may  vary  from  0.25 
to  0.75.     Take  /a  here  =  .6  ;  then 

The  resistance  to  sliding 

=  |i(Pi  sin  0^  +  Pa  s^^  270^  +  TTsin  270°) 

=  0.6(0  -  3744  -  86400)  =  54,086  pounds. 

The  factor  of  safety  against  sliding  =  j-t^tt^  =  1.15. 

When  the  frictional  resistance  is  less  than  the  sliding  force  (if 
for  example  fi  =  0.4),  the  structure  would  not  be  stable  against 
sliding,  if  friction  were  the  only  resisting  force. 

If  a  masonry  dam  is  built  into  a  solid  rock  trench,  as  it  should 
be,  other  resistances,  such  as  the  adhesion  between  the  mortar 
and  the  stone,  and  in  well-bonded  rubble  the  shearing  resistance 
of  the  masonry  itself,  will  insure  stability  against  sliding ;  and  if 
so  built,  a  dam  stable  in  other  respects  will  ordinarily  be  safe 
against  sliding. 

II.  Stresses  in  the  material  or  on  the  foundation.  Stresses  at 
any  section,  as,  for  example,  in  the^  plane  -4J5,  may  be  computed  as 
follows  : 

Let  H  be  the  resultant  of  the  forces  Pj,  P^^  and  W;  its  direction 
be  a°;  and /be  the  distance  from  B  on  AB  at  wiiich  i2  cuts  AB. 

The  magnitude  of  R. 

a  cos  a  =  horizontal  component  of  11  =  P^  =  46,800  pounds. 

H  sin  a  =  vertical  component  of  i2  =  Pg  +  ^=  90,144  pounds. 

R  =  V901442  +  468002  =  101,500  pounds. 
The  direction  of  R. 

^^^IL^  =  tan  a  =  ^^^  =  1.926  ;  therefore,  a  =  360°  -  (62°  34') 
^cosa  46800  ^  ^ 

=  297°  26'. 

The  point  where  the  resultant  (i?)  cuts  the  base.  To  find  the 
point  where  li  cuts  AB^  take  moments  of  all  forces  about  B,  as  a 
center. 

B  sin  a  X/-I-  iJcos  a  xO -\- F^  xV2  -  P^x  21  --W  x  ID.GT  =  0. 
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Therefore  /=  i^i  x  12  ■P^x^27^  TTx  19.67  ^  ^g^  ^^^  ^^^ 

B  on  AB. 

If  the  point  where  R  cute  AB  coiryndeB  with  the  gravity  axii 
of  the  area  of  the  base,  the  intensity  of  pressure  pf  on  AB  is 

uniform,  and  »/  =  -r= — ^  pounds  per  square  foot. 

i  X  1 

If  the  resultant  (iZ)  cuts  the  base  on  either  side  of  the  gravity 
axis^  the  pressure  along  AB  will  be  of  varying  intensity.  The 
toe  nearer  the  point  where  B  cuts  the  base  will  have  a  maximum 
intensity  of  pressure,  and  the  other  toe  a  minimum.  The  inten- 
sity of  pressure  at  either  toe  A  or  B  may  be  determined  by  the 
following  expression : 

p^  =  — —J^H^  —  j    the   intensity  of  pressure   in  pounds   per 

square  foot  at  either  toe. 

e  is  the  distance  from  the  gravity  axis  of  the  base  to  the  point 
where  B  cuts  the  base. 

If  e  is  measured  downstream  from  the  gravity  axis,  the  maxi- 
mum p^  is  at  the  downstream  toe ;  if  measured  upstream,  the 
maximum  is  at  the  upper  toe. 

If  ^  =  ^1  which  means  that  R  cuts  the  base  at  the  boundary  of 

its  middle  third;  jDy= — = — (1  ±  1)  =  - — ^ at  one  toe,  0  at 

the  other. 

If  e  is  greater  than  -— ,  the  minimum  value  of  jcy  changes  to 
tension. 

*  This  formula  is  by  similarity  taken  over  from  the  formula  used  to  determine 
the  extreme  fiber  stresses  in  a  strut  eccentrically  loaded,  viz. : 
«     B  8\n  a  ,  Mc 
a  I 

a  =  area  of  section  ;  here,  a  =  L  x  I. 

c  =  any  distance  from  neutral  axis  ;  here  c  =  —  • 

/  =  moment  of  inertia  of  a  ;  here  /  =  — 

12 

M  =  moment  of  external  forces  ;  here  M  =  Bsina  x  e. 

S  =  intensity  of  stress  at  any  point  distant  c  from  the  neutral  axis  ;  and  is  tension 

whenever  ^  ^'°  "  is  less  than  ^  • 


a 
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Good  practice  does  not  sanction  designing  masonry  (except 

'Enforced  concrete)  to  withstand   tensile   stresses;   the   section 

tkouid  be  shaped  so  that  R  shall  not  cut  the  base  beyond  the 

^ts  of  its  middle  third ;  if  so  proportioned,  and  if  the  other  two 

^izditions  are  satisfied,  a  dam  may  in  general  be  considered  stable. 

P/  sbould  obviously  not  exceed  eitlier  the  allowable  crushing 

streng-th,  of  the  masonry  or  the  allowable  intensity  of  pressure  on 

the  /oxandation.* 

In  t^liis  case,  «  s  1.8  feet,  measured  toward  B ;  then, 

)f  at     jB.  ±=  — - — f  1 H OQ— )  =     OQ    (^'  +  .26)=  8786  pounds 

per  square  foot  (compression). 

^      A       Rs'maf^      6  X  1.3\      90144, ^         c}u\     o.oo^  a 

p,  at    A  =      ^     (^1 g^j  =  —^  (1.  -  .26)  =  2224  pounds 

per  square  foot  (compression). 

la.    figure  18,  the   lower  diagram   represents   graphically  the 
intensity  of  pressures  along  AB  for  this  dam. 

III.  Water  percolating  under  or  around  the  dam  will  not  only 
diminish  its  usefulness  in  storing  water,  but  also  reduce  its 
stability. 

If  the  sides  and  bottom  of  a  dam  are  of  earth,  percolating  water 
may  wash  out  the  foundations,  and  ultimately  destroy  the  dam. 

If  the  sides  and  bottom  are  of  seamy  rock,  pressure  may  be 
transmitted  through  cracks  from  the  upstream  water,  and  cause 
an  undesirable  upward  vertical  pressure.  This  upward  pressure 
is  equal  to  the  head  on  the  wetted  surface  in  the  crack  multiplied 
by  w,  multiplied  by  the  area  of  wetted  surface.  Suppose,  for 
example,  as  an  extreme  case,  a  crack  extends  along  AB  and 
nearly  through  to  B ;  the  upward  vertical  pressure  would  equal 
40  X  62.4  X  30  =  74,880  pounds ;  this  is  nearly  equal  to  the  total 
vertical  downward  force  of  90,144  pounds,  and  its  effect  would 
practically  nullify  the  frictional  resistance. 

The  obvious  safeguard  is  to  prevent  percolation  as  far  as  pos- 
sible, by  water-tight  cut-off  walls  of  masonry,  concrete,  or  sheet 

*  See,  for  discussion  of  allowable  pressures  on  foundations,  Baker^s  Treatise  on 
Maaonrji  Construction  ;  Corthell's  Allowable  Pressures  on  Deep  Foundations  ; 
Wegnuum's  Masonry  Dams  ;  or  other  treatises  and  articles  on  dam  construction. 
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piling  placed  as  near  the  upstream  face  as  practicable ;  but  if 
some  water  must  percolate,  drains  should  be  provided,  to  carry 
such  water  through  without  washing  away  either  the  dam  or  its 
foundations. 

If  a  dam  is  also  to  aerre  as  a  spUlway,  or  waste  weir,  aijd 
designed  to  discharge  water  over  its  top,  it  should  be  of  suffi- 
ciently liberal  dimensioos  to  discharge  the  maximum  flood  flow, 
and  to  keep  the  water  from  overtopping  the  other  parts  of  the 
structure.  The  stability  of  a  dam  is  not  infrequently  deter- 
mined by  the  capacity  of  a  spillway. 

This  dam  is  of  the  type  known  as  a  gravity  dam,  because  its 
weight  is  a  most  important  factor  in  assuring  its  stability. 

64.  A  framed  dam.  In  contrast  is  shown,  in  figure  19,  a  dam 
which  depends  very  little  upon  its  weight  for  stability.     Such 


r 


FLUID   PRESSURES  OF  VARYING  INTENSITY 


dams,  which  are  now  built  in  wood,  steel,  and  reenforced  concrete, 
mast  he  designed  as  framed  structures.     Figure  19. 

SS.  In  deBigning  large  dams,  the  structure  should  not  be 
ited  US  a  whole,  but  jmrt  by  part,  beginning  near  the  top. 
^nccessive  horiKontal  sections  may  be  assumed,  the  part  above 
1  .loh  section  computed  as  if  complete  in  itself,  until  by  steps  the 
■uiole  structure  is  dimensioned  and  its  stability  determined. 


^ 


CUKVED   SdEKACES 

66.  Curved  surfaces  subjected  to  fluid  pressures  of  varying 
iatensity.  On  a  curved  surface  aa  on  a  phine  the  intensity  of 
pressure  varies  as  the  distance  from  the  free  surface  of  the  fluid ; 
inaamuch  as  the  normal  forces  on  the  different  elements  of  area 
I'l  the  curved  surface  do  not  form  a  system  of  parallel  forces,  no 
single  force  can  be  said  to  be  the  total  resultant  force  ;  but  the  total 
lioriioiital  or  vertical  fluid  pressure,  or  the  total  fluid  pressure  in 
any  direction,  may.  however,  be  determined. 

If  the  highest  degree  of  precision  is  required,  and  the  curved. 
surface  is  regular,  the  magnitude,  direction,  and  point  of  applica- 
tioN  of  the  components  may  be  found  by  the  integration  of  the 
proper  differential  equationi^.  If  the  surface  is  not  regular,  and  ' 
if  tlm  variation  in  intensities  of  pressure  can  not  be  neglected,  the 
pMblem  is  usually  solved  by  upproximat^  methods.  Two  cases 
wiiliiliislrate  approximate  methods  aa  applied  to  curved  surfaces. 

A  deep  cylindrical  taok  (axis  vertical)  filled  with  water.     In 
-■*  ili'ep  tiLiik  filled  with   water,  tliere   is  a  considerable  variation 
in  thf-  intensity  of  fluid  pressure.     lu  determining  the  thickness    j 
of  ihe  shell,  its  surface  may  be  divided  for  computation  into  sec-    i 
tionn,  i)f  which  the  dimensions  will  be  more  or  less  fixed  by  com- 
nterciii  considerations.     The  pressure  may  be  assumed  constant 
un  ejicli  of  these  sections,  and  the  necessary  thickness  of  material  ' 
'  nwj  lie  computed   for  successive  sections   by  the  formula   for 
hoo[)  tension. 

Let  figure  20  represent  a  deep  cylindrical  tank.  Use  the  intensity 
of  pressure  at  the  point  A  for  the  cylindrical  surface  between  A 
and  S,  and  the  pressure  at  the  points,  B,  C,  and  D  for  each  E 
Mwive  ring. 
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A  metal  abell.     If  the  cylindrical  tank  of  radius  r  (inches), 
shown   iu   figure  20,  be  of  steel  or  of   any  other  homogeneous 
metal,  and  filled   with  water, 
the  necessary  thickness  is 


tatA  = 


which   is  the 


Am> 


t&tB  = 


equired  thick- 
ness of  t)ie  circular  plate  of 
width  AB. 

pr_.433  x3A  xr. 

which  is  the  required  thick- 
ness of  the  circular  plate  of 
width  BC. 

In  like  manner,  the  thick- 
ness of  each  successive  set  of 
plates  may  be  computed. 

A  woodea-stave  tank.  If  the 
tank  is  of  wooden  staves 
hooped  with  metal,  the  requi- 
site net  cross  section  a  of  the 
material  necessary  to  hold  to- 
gether the  area  defined  by  A 
and  B  may  be  determined  as 
follows : 
The  force  tending  to  rupture  the  cylinder  AB  (using  the 
intensity  of  pressure  at  A")  equals  .433  A  x  2  r  x  AB. 

The  resistance  of  the  material  in  the  hoops  equals  2  x  a  x  5, 
a  =  net  cross  section  of  material  in  tiie  hoops  in  the  section  AB ; 
iS'=  actual  unit  tensile  stress  in  the  material. 
Since  the  resistance  of  the  material  of  the  hoops  must  be  equal 
to'the  force  tending  to  rupture  the  hoops, 

0.43!J  xh  x-2r  xAB  =  -2xaxS. 


Therefore,  if  a  is  given. 


OAm  X  h  > 


<AB 


iiit  stress  in  tension  i 


If  Sa,  the  allowable  tensile  stress,  is  given,  the  required  cross- 
sectional  area  in  the  material  in  the  hoo{>3  for  section  AB, 
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a  s= = =  *- 7; -■  required    area    in    square 

inches.     This  is  merely  another  application  of  the  computation  of 
Awp  tension  (§  29). 


67.  The  horizontal  and  vertical  fluid  pressures  on  the  inside  of 
tiu  cttrred  surface  of  a  tank ;  axis  horizontal. 
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The  determination  by  approximate  methods  of  the  magnitude 
aod  point  of  application  of  the  total  horizontal  and  vertical  pres- 
Bores  on  one  quadrant,  the  area  BB'SS',  of  the  tank  shown  in 
fignre  21,  is  here  given. 

Divide  the  area  BVBH'  into  sis  equal  areas,  designated  a^  to 
Si  Bud  assome  each  area  to  be  a  plane. 

ABsume  that  for  a-^  the  pressure  is  of  uniform  intensity,  and  is 
neaaared  by  &j,  the  head  on  its  horizontal  center  line.  The  point 
of  application  of  P^  is  therefore  A,  feet  below  the  water  surface ; 
»l80  Aj  =  y^.  In  like  manner,  the  total  pressure  on  every  one  of 
the  six  areas  may  he  determined. 

The  calculations  are  shown  in  tabular  form,  as  follows : 
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(1) 

(«) 

(S) 

(4) 

(5) 

(•) 

(7) 

(8) 

(») 

Flpiin* 

Area 
Bq.  ft. 

Values 
o(0 

Valaes 
of  A 

Values 
of  oA 

ah  sin  0 

oAcostf 

ah  »in  9 
2\)  co»  0 

ah*  eon  0 

«1 

209.4 

352i° 

22.6 

4730 

620 

4,680 

12,280 

105,800 

«2 

209.4 

337  i° 

27.7 

5800 

2,220 

5,360 

41,070 

148,000 

«3 

209.4 

3221° 

32.2 

6750 

4,110 

5,350 

65,400 

172,100 

«4 

209.4 

307i° 

35.9 

7530 

5,970 

4,580 

72,800 

164,300 

^5 

209.4 

292i° 

38.5 

8060 

7,450 

3,100 

57,300 

119,100 

«rt 

209.4 

277i° 

39.8 

8340 

8,270 

1,090 

21,500 

43.300 

28,640 

24,160 

270,350 

752,600 

J5r=  Limit  ^w(ah^  cos  0i  + 
V=s  Limit  ^tv(^ahi  sin  0^  + 


.  ah^  cos  0^)  =  24,160  x  62.4 

=  1,507,600  pounds. 

.  ah^  sin  0^^  =  28,640  x  62.4 

=  1,787,100  pounds. 

__  Limit  Stiy(aA^^  cos  ^|  -h  «"  ahf^  cos  0f^)  _  752600  _  oi  i  f    *. 
Limit  Stt^ (aAj  cos  ^^  +  •••  ah^  cos  ^^)        24160 

below  the  water  surface. 

The  point  of  application  of  P^  is  in  a  vertical  line,  of  which  the 
distance  from  the  center  line  (C.  L.)  may  be  found  as  follows : 

Limit  ^w(ah^  sin  0^  20  cos  g,  +  "-ah^  sin  g^  20  cos g^)  ^  270350  ^ g  ^ 
Limit  2t^(aAi  sin  0^  +  •••  ah^  sin  0^)  28640 

The  otiier  coordinates  may  be  found  in  a  similar  manner. 

If  a  higher  degree  of  precision  is  required,  smaller  subdivisions 
should  be  made.  In  this  case,  the  actual  value  of  V  is  equal  to 
half  the  weight  of  water  in  the  tank ;  the  value  above  computed^ 
differs  from  the  weight  by  less  than  1  %.  Obviously,  no  higher 
degree  of  precision  is  needed.  Any  curved  surface  can  be  so 
treated  for  computation. 

Problems 

1.  On  one  side  of  a  sluice  gate  the  water  stands  8  feet  above  the  bottom ; 
on  the  other  side,  4  feet;  the  gate  is  6  feet  wide.  What  is  the  total  pressure 
against  the  grooves  in  which  the  gates  slide?  Where  is  tlie  center  of  this 
pressure? 

2.  A  flap  valve,  opening  inwardly,  automatically  controls  the  water-supply 
in  a  small  boiler.  Wlien  the  surface  of  the  water  is  3  feet  above  the  center 
of  the  valve,  and  the  steam  gauge  reads  20  pounds,  at  what  height  mu>t  the 
water  stand  in  pipes  outside,  in  order  to  cause  flow? 
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3.  A  CASt-iroD  sluice  gate  is  placed  at  the  bottom  of  adam;  iiB  dimenHions  ] 
•T«  4  inches  thick,  by  1}  feet  wide,  b'y  S  feet  high ;  the  water  is  60  feet  deep,  f 
U  Cfwlficient  of  friction  of  gate  un  its  runners  is  0.23,  if  gale  is  exposed  to  a 

t downstream  aide,  what  force  will  ba  required  juat  to  lift  it?     Assume  the  1 
1  to  weigh  4S0  pounds  per  cubic  foot. 
4.    Compute  the  hurizoutSil  and  vertical  components  of  the  normal  pressure    j 
an  iniinerged  rectaiigiilar  area  6  feet  by  8  feet,  iiicliued  30°  to  the  vertical, 
one  of  the  longer  edges  being  in  the  water  surface. 

5.   Fiud  the  magnitude  and  point  of  application  of  the  normal  pressure  on 
1  immersed  rectangle  with  sides  4  feet  by  G  feet,  with  shorter  side  in  the  water 

^  6.  Find  the  magnitude  and  point  of  application  of  the  norma!  pressure  on  nn 
Derned  triangle  of  base  2  feet  and  altitude  3  feet,  the  plane  being  vertical,  (if)  i 
water  surface  and  base  homontal,  (b)  with  base  in  water  surface, 
a  coSer  dam  of  irregular  outline  as  shown  in  figure  IT,  and 
Uiuing  thai  the  distance  from  the  top  of  the  irregular  figure  to  the  water  i 
-iirftice  is  34  feet,  compute  the  total  normal  water  pressure  on  the  area  ABC, 
'1  '1  find  the  position  of  the  center  of  pressure  with  reference  to  the  water  surface, 
.'.lid  also  to  the  vertical  axis  through  A. 

8.   Figure   15   represents   the  outline  of   a  caisson   or  gate   forming  the 
ftitrauce  to  a  lock.     Assiinie  that  the  aides  aie  prolonged  upwards  until  the    i 
water  is  10  feet  deeper  than  shown.     When  the  water  surface  in  the  lock  ii 
flush  niih  the  top  of  the  gate,  find  the  toUil  normal  preiMure  on  the  face,  and   I 
the  point  of  application  of  the  normal  pressure.      The  lock  is  filled  with  sea   i 

9,  The  partition  wall  between  the  compartments  of  a  settling  basin  is  12 

When  on  one  side  the  water  Is  within  1  foot  of  the  top  and  the 
is  empty,  if  masonry  weighs  IBO  pounds  per  cubic  foot,  and  60  per 
lit  of  its  total  weight  represents  itf>  ability  Ui  resist  sliding,  haw  thick  must  it 
'   Cooiider  a  atrip  1  foot  wide. 
L  •U.  A  small  masonry  dam  20  feet  high,  4  feet  thick  at  top,  10  feet  thick  at   ] 
lum,  is  symmetrical  in  cross  section.     The  masonry  weighs  140  pounds  per   ( 
ipfoot.     When  filledto  top,  what  will  bethe  reaultantpresBureon  base,  and   i 
Plow  far  from  a  perpendicular  line  through  the  center  of  gravity  of  the  section  ] 
■  •illlherpBultanl  cut  the  baae?    Consider  a  strip  one  foot  wide.    Is  this  section    1 

■few.  J 

U,  In   masonry  dam  of  problem  10,  if  the  upstream  fwe  is  vertical,  llie   ] 
WnaioRS  being  the  same,  and  considering,  as  before,  a  section  1  toot  wide, 

Mo  far  from  the  downstream  toe  will  the  resultant  pressure  cut  the  base? 

[   18.  A  circular  plate  4  feet  in  diameter  is  immersed  so  that  the  head  on  its 

Ml«r  is  4fl  feet,  its  plane  making  an  angle  of  35°  with  the  vertical-     Compute   1 
Wborimntal  and  vertical  pressures  on  one  side  of  it. 
U.  Tlie  upstream  face  of  a  dam  has  a  slope  of  60°  witli  the  horixontJit.   , 

ppfnstock,  0  feet  in  diameter,  covered  by  a  gate  is  so  set  in  the  dam  that  th«   I 
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center  of  the  pipe  is  20  feet  below  the  surface  of  the  water,  measured  along 
the  face  of  the  dam.  Find  the  total  normal  pressure  on  the  gate  and  its  point 
of  application. 

14.  What  is  the  total  normal  pressure  on  the  upstream  face  of  the  dam 
shown  in  figure  14?    Consider  a  strip  1  foot  wide. 

15.  A  masonry  dam  is  6  feet  thick  at  the  top,  8  feet  thick  at  the  bottom,  and 
10  feet  high.  The  water  is  4  feet  deep  over  the  crest.  Find  the  total  normal 
pressure  against  the  upstream  face  and  its  point  of  application.  Consider  a 
strip  1  foot  wide.    Is  this  section  stable  ? 

16.  A  masonry  dam  is  5  feet  thick  at  the  top,  40  feet  thick  at  the  bottom, 
and  40  feet  high ;  upstream  face  vertical.  Assume  that  the  water  stands  6  feet 
higher  than  the  top,  and  that  there  is  no  water  on  the  downstream  face.  Take 
the  weight  of  masonry  as  160  pounds  per  cubic  foot  and  consider  the  pressure 
of  water  on  the  top  of  the  dam.  Determine  (a)  factor  of  safety  against  sliding 
if  the  coefficient  of  friction  is  0.6;  (b)  distance  from  upstream  toe  to  point 
where  resultant  cuts  the  base;  (c)  pressure  in  pounds  per  square  foot  at 
upstream  and  downstream  toes. 

17.  A  standpipe  is  20  feet  in  internal  diameter  and  80  feet  high;  it  is  to  be 
of  riveted  steel  plates  and  to  be  entirely  filled  with  water.  The  horizontal  joints 
are  to  be  7.5  feet  apart  vertically;  and  all  joints  are  to  have  an  efficiency  of  75  per 
cent.  The  allowable  unit  stress  for  steel  in  tension  may  be  taken  as  15,000 
pounds  per  square  inch.  Compute  the  necessary  thickness  of  each  row  of 
plates. 

18.  If  the  standpipe  in  problem  17  were  to  be  made  of  wooden  staves  2 
inches  thick,  compute  the  required  number  of  hoops  made  of  }  inch  diameter 
steel  rods,  and  determine  the  spacing  of  the  hoops. 


CHAPTER  IV 

THB  BQUZLXBRIITM  OF  FLOATINa  fiK>LXD8 

t.  To  secure  complete  equilibrium  of  a  totally  immersed  or 
floating  solid,  the  resultant  horizontal  and  the  resultant  vertical 
components  of  all  forces  acting  on  it  must  be  zero ;  and  it  must 
have  no  tendency  to  rotate  about  any  axis. 

Every  face  of  a  solid  totally  immersed  in  water,  and  every  face 
below  the  water  line  of  a  floating  solid,*  is  subjected  to  water 
pressure. 

If  the  surface  of  the  water  in  which  the  body  is  immersed  is 
exposed  to  the  atmosphere  or  compressed  gases,  or  is  under  pres- 
sure due  to  mechanical  forces,  the  intensity  of  pressure  at  any 
point  on  the  solid  is  the  sum  of  the  intensity  of  pressure  due  to 
the  head  of  water,  and  that  due  to  forces  acting  on  the  water 
surface. 

Whenever  the  intensity  of  pressure  due  to  any  force  is  trans- 
mitted with  unchanged  intensity  to  every  face  of  the  solid,  the 
neglect  of  such  a  pressure  will  cause  no  error.  In  the  following 
computations  concerning  the  stability  of  bodies  either  immersed 
or  floating  in  still  water,  the  fluid  pressures  due  to  water  alone 
will  be  considered,  the  atmospheric  pressure  being  neglected. 

69.  Horizontal  pressures.  Let  ABCD  in  figure  22  a  represent  a 
vertical  cross  section  of  an  immersed  solid  and  let  the  solid  be  sub- 
divided into  elementary  horizontal  prisms.  Let  figure  22  6  rep- 
resent such  a  prism  enlarged. 

Since  a^  and  a^^  the  elementary  areas  forming  the  ends  of  the 
prism  in  contact  with  the  water,  are  equally  distant  (A  feet)  from 
the  surface  of  the  water,  the  intensity  of  pressure  on  a,  and  a//  = 
hw ;  and  the  total  normal  pressure  on  a,  =  hwa,  =  P,  aud  on  Uff  = 

hw€Lff  =  JPif 

The  horizontal  component  of  Pf=  R,=^  hw  multiplied  by  the 
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vertical  projection  of  ai;   likewise  the  horizontal  component  of 
Pff  =  Hff—hw  multiplied  by  the  vertical  projection  of  an. 

But  since  a,  the  cross-sec- 

^— ^^T^oe tional  area  of  the  prism,  is 

the  vertical  projection  of 
both  Of  and  %,  Hi^hwa 
=  Hit.  Therefore  the  re- 
sultant horizontal  compo- 
nent on  the  prism  =  hwa  — 
hwa  ^  0. 

On  any  other  horizontal 
prism,  the  resultant  will, 
for  like  reasons,  be  0. 

Since  the  sum  of  the 
volumes  of  all  the  parallel 
prisms  is  obviously  the 
volume  of  the  whole  solid, 
the  horizontal  components 
parallel  to  the  axis  shown 
{A—  (7),  form,  therefore,  a 
system  of  parallel  forces 
whose  resultant  is  zero. 

If,  in  like  manner,  the 
body  be  cut  into  elemen- 
tary prisms  parallel  to  a 
second  axis  also  horizontal, 
and  at  right  angles  to  the 
first  considered,  similar  reasoning  will  show  that  the  resultant 
horizontal  component  parallel  to  the  second  axis  is  also  zero. 

Since  the  sum  of  the  components  parallel  to  any  two  rectangular 
horizontal  axes  equals  zero,  there  is  no  tendency  to  translation  in 
a  horizontal  plane. 

70.  Vertical  pressures.  Consider  the  same  solid  cut  into  ele- 
mentary vertical  prisms,  shown  in  figures  23  a  and  23  b. 

If  a'  and  a"  =  elementary  areas  forming  the  ends  of  the  prism, 
their  horizontal  projections  =  a,  the  horizontal  cross-sectional  area 
of  the  prism. 

F',  the  vertical  component  of  P',  =  h'wa. 


Fio.  22  b. 
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V,  the  vertical  component  of  P",  =  h"wa. 
The  reBultant  vertical  fluid  pressure  on  the  prism  =  f"  —  I" 
=(V'~  *')«"*- 

Bat  (k"—  h'}a=  volume  of  the  prism,  and  also  the  volume  of 
inter  displaced  by  it,  aud  (A"  —  h'')wa  =  weight  of  water  displaced 
by  the  prism. 

The  magnitude  of  the  resultant  vertical  pressore;  buoyancy. 
Smcethe  sum  of  the  volumes  of  all  the  prisms  equals  the  volume 
of  (be  solid,  the  algebraic  sum  of  all  the  vertical  components, 


V\/afef    S\jr*fcicc 


which  ig  the  resultant  vertical  Quid  pressure,  equals  the  volume  of 
Uk  solid,  or  if  floating  that  part  which  is  immersed,  multiplied  by 
tbe  wdgbt  of  a  cubic  unit  of  water,  or  the  weight  of  an  equal  vol- 
ume of  water.  Its  effect  is  a  tendency  to  lift  the  solid.  The 
ranltint  vertical  pressure  ( F"  —  V)  is  therefore  usually  called 
the  buoyancy,  and  will  be  designated  B. 

Direction  of  the  resultant  vertical  pressure.  Since  the  upward 
vertical  fluid  pressure  is  always  greater  than  the  downward  verti- 
cal fluid  pressure,  the  direction  of  B  is  90°. 

The  point  of  application  of  B ;  center  of  buoyancy.  The  point 
of  application  of  B  is  the  center  of  gravity  of  the  displaced  water, 
ciUed  the  center  of  buoyancy,  and  designated  h. 
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If  the  body  is  wholly  immersed  and  homogeneous,  the  center 
of  gravity  of  the  solid  and  the  center  of  buoyancy  are  identical. 

If  it  is  hollow  or  of  varying  density,  or  not  wholly  immersed, 
the  center  of  gravity  of  the  solid  and  the  center  of  buoyancy  may 
not  coincide. 

71.  Loss  of  weight.  The  weight  (W)  of  the  body  is  a  down- 
ward vertical  force  ;  and  the  buoyancy  is  an  upward  vertical  force 
TFand  B  form,  therefore,  a  set  of  parallel,  opposite  forces. 

If  B  is  less  than  W,  a  totally  immersed  body  will  be  in  equilita 
rium  only  when  an  additional  vertical  upward  force  equal  to  ti^ 
difference  between  the  weight  of  the  body  and  the  buoyancy  5 
applied  to  it;  that  is,  the  body  is  supported  by  some  ext«ma 
force.  If  the  body  is  weighed  while  suspended  in  water,  i^i 
apparent  weight  will  be  W  minus  B.  Since  W  is  its  weight  3 
air,  its  loss  of  weight  is  B. 

If  B  is  greater  than  IT,  an  upward  vertical  force,  B  minus  ■ 
will  be  exerted  upon  an  immersed  body;  and  to  keep  it  immerse 
a  vertical  downward  force  equal  in  magnitude  to  B  minus  T 
must  be  applied  to  maintain  equilibrium. 

If  unrestrained,  tliis  vertical  upward  pressure,  B  minus  W,  wt 
cause  the  body  to  rise  until  it  floats  in  equilibrium ;  which  occur 
when  the  weight  of  the  displaced  water,  no  longer  of  equa 
volume  with  the  solid,  equals  W.  In  this  position,  B  equals  W~. 
and  the  apparent  weight  of  the  solid  is  zero.  Its  loss  of  weigbl 
is  B. 

The  loss  of  weight  of  an  immersed  or  floating  body  is  merely  flia 
buoyant  effect  of  the  water,  and  equals  the  weight  of  the  displaced 
water. 

72.  Depth  of  flotation ;  draught.  The  depth  of  flotation,  oi 
dniught,  of  a  floating  body  may  be  determined  by  computing!! 
first,  a  volume  of  displaced  water  equal  in  weight  to  the  bodyi 
including  all  loads,  and  the  vertical  resultant  of  all  forces  acti 
ing  upon  it ;  and  then  the  depth  of  immersion,  measured  from  th^ 
water  surface  to  the  lowest  point  of  the  solid,  necessary  to  pro" 
duce  the  required  volume  of  displacement.  The  depth  of  flotej 
tion  is  constant  only  for  a  few  shapes!  usually,  it  varies  as  th< 
body  is  lilted. 


r 


THE   EQriLIBRIirM   OF  FLOATING  SOLIDS 


67 


T3.    The  stability  of  an  immersed  or  floating  body  against  over- 

tarrung  may  be  iletermined,  as  in  any  problem  in  statics,  by  tak- 

mg  momenta  of   all  the  force  acting  upon  the  body,  using  any 

convenient  axis  of  reference.     For  bodies  of  irregular  shape  the 

tiec«aaary  computations,  especially  those  required  to  determine  the 

normal  water  pressures  or  their  components,  may  be   somewhat 

intricate.     This  work  may  bo  simpUfied  in  many  instances  by  an 

investigation  of  the  relative  position  of  the  center  of  gravity  (or 

more  precisely  the  point  of  application  of  all  vertical  forces)  and 

ilie  position  of  the  center  of  buoyancy. 

If  the  algebraic  sum  of  the  horizontal  and  vertical  components  of 
lU  forces  equals  zero,  and  if  the  center  of  gravity  and  center  of 
buoyancy  are  in  the  same  vertical  line,  the  body  will  be  in  complete 
efoUibrlum. 

74.   The  buoyancy  (B)  of  a  floating  body  is  equal  in  magnitude 

iiiiii  opposite  in  direction  to  tlie  sum  of  all  the  vertical  downward 
fijrcus,  including  the  weight  of  the  body  and  all  loads,  and  which 
for  convenience  will  be  called  the  weight  (W). 

Tbe  center  of  buoyancy  will  be  designated  b.  The  center  of 
jTsvity  or  the  point  of  application  of  all  vertical  forces  will  be 
designated  ff. 

TS.  The  axis  of  flotation.  If  a  floating  body  is  in  complete 
Btulibriuni,  a  vertical  through  (?  and  6  (both  computed  for  the 
ktioii  in  which  it  is  then  Hoating)  is  called  the  axis  of  Hotation. 
ni  tlie  axis  of  flotation  divides  the  body  into  symmetrical  parts, 
^body  will  float  upright. 

e  centers  of  gravity  and  of  buoyancy  when  the  body  floats 
light  are  the  original  centers  of  gravity  and  of  buoyancy,  desig- 
d  ffg  and  Jj. 

■  The  angle  of  heel  ;  change  of  trim.     The  angular  displace- 
any  given  direction  of  the  axis  of  symmetry  measured 
9  the  vertical  is  called  the  angle  of  heel,  0.     The  length  of 
f  water  line  multiplied  by  the  sine  of  the  angle  of  heel  is  the 
inge  of  trim. 

TT.  The  righting  couple;    the  upsetting  couple.     If  a  floating 

rilted,  so  that  (?„  and  6„  are  not  in  the  name  vertical  line, 
',  whioh  are  equal  in  magnitude,  parallel,  but  opposite  iu 
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direction,  will  form  a  couple  the  magnitude  of  which  equals  Bess-z 
Wc;  c  being  the  perpendicular  distance  between  the  lines  ofl 
action  of  B  and  W.  The  effect  of  this  couple  will  be  either  tci 
restore  the  body  to  an  upright  position  or  to  cause  further  tilting— 

Rghtinsr  Upsetting 


Fio.  24  a.  Fig.  24  b. 

If,  upon  the  removal  of  the  couple  which  caused  tilting,  the 
couple  Be  tends  to  restore  the  body  to  its  original  position  of 
equilibrium,  Be  is  a  righting  couple ;  and  the  body  is  stable 
(see  figure  24  a). 

If,  on  the  contrary,  the  couple  Be  tends  to  rotate  the  body  still 
farther  from  the  original  position  of  equilibrium.  Be  is  an  upset- 
ting couple;  and  the  body  is  unstable  (see  figure  24  6). 

78.  The  metacenter.  The  point  where  the  vertical  through  the 
center  of  buoyancy  cuts  an  inclined  axis  of  symmetry  is  called 
the  metacenter  (m), 

79.  The  metacentric  height.  The  distance  measured  on  the 
axis  of  symmetry  from  the  metacenter,  for  the  position  in  which- 
the  body  is  floating,  to  the  original  center  of  gravity  is  called  the 
metacentric  height  (ilf).  For  only  a  few  cases  is  it  constant  ; 
usually  it  varies  with  every  change  in  position.  The  longitudi- 
nal and  transverse  metacentric  heights  are  more  frequently  con- 
sidered, but  other  values  may  be  required. 

Determination  of  the  metacentric  height  (Af).  If  a  floating  body 
is  in  equilibrium  with  its  axis  inclined,  the  couple  (designated  Fa^ 
causing  it  to  heel  must  be  equal  to  the  righting  couple  Be. 
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Since  e  =  3f  sin  6,  8  being  the  angle  of  heel, 
F(i=:Bx  Mtin  e ;  and  M== 


Fa 


-Ssinff 


For  a  vessel  already  constructed.  M  may  be  computed  from  the 
inclination  caused  by  shifting  loads  (included  in  the  weight  W). 

Example.  A  weight  of  100  tons  (included  in  the  displacement) 
L§  moved  transversely  10  feet  on  a  vessel  of  10.000  tons  displace- 
ment, causing  it  to  heel  through  an  angle  of  10  minutes  of  arc. 
('i>ni[)iite  the  transverse  metacentric  height.  J*  =100;  a  =10; 
B=  lO.OOO. 

100  X  10 


Therefor 


10000  X  sin  10' 


=  34.5  feet. 


Kce 
I     mm 


BQ.  The  proper  metacentric  height  (Afg).     The  limiting  minimum 

iluK  of  the  metacentric  height  which  occurs  when  the  axis  of 
symmetry  is  vertical  is  called  the  proper  metacentric  height. 

k  81.  Stability  shown  by  the  position  of  the  metaceater.     Refer- 

e  to  ligures  '1\  a  and  24  b  will  show  that,  with  the  axis  of 

•yminetry  inclined,  if  the  metacenter  (m)  is  above  (?,  Be  will  be  a 

righting  couple ;  if  m  is  below  (?,  Be  will  be  an  upsetting  couple. 

^^  If,  wben  the  axis  of  symmetry  is  vertical,  m  is  below  the  center 

^■f  gravity  while  the  body  may  be  in  equilibrium,  a  slight  push 

^Hl>;  produce  complete  upsetting. 

I  82.  Application  of  principles  of  flotation.  Many  complicated 
prublcins  arise  which  require  tlie  ap[ilicalion  of  the  principles 
jmt  codsidered.  which  are  for  the  most  part  connected  with  the 
'kof  naval  architects.  The  question  of  the  stability  of  booms, 
I,  dredges,  gai^  holders,  and  similar  structures  of  simple  design 
;,  however,  to  the  work  of  other  engineers.  The  following 
Biple  will  illustrate  the  computations  for  determining  the 
lulity  of  flotation. 

Example 
Consider  the  transverse  stability  of  a  scow  20  feet  wide,  1 2 
B  deep,  and  50  feet  long,  symmetrically  constructed  and  loaded, 
I  an  average  weight  including  all  loads  of  41. G  pounds  per 
ic  foot,  and  floating  in  still  water. 


70 


HYDRAULICS 


Let  ABCJS  iu  figures  25  a  aud  25  b  represent  the  cross  section 
of  the  scow :  (a)  with  axis  of  symmetry  vertical ;  (6)  with  this 
axis  tilted  transversely. 


Fio.  2Sa. 


Fio.  25  6. 


Let  2>  =  depth  of  flotation  in  feet  when  axis  of  symmetry  is 
vertical;  draught. 

d  =  the  distance  in  feet  that  the  water  line  is  raised  above  the 
water  surface  in  tilting  the  vessel,  measured  on  the  face. 

0    =  angle  of  heel  corresponding  to  d. 

2  e  =  breadth  of  the  vessel. 

ff  =  height  of  the  vessel. 

Stability  with  the  axis  of  symmetry  vertical.  The  center  of 
gravity  is  seen  to  be  on  the  axis  of  symmetry  Y-Y^  midway 
between  the  top  and  bottom  of  the  scow;  or  2  feet  below  the 
water  surface ;  this  is  the  original  center  of  gravity,  O-q.  See 
figure  25  a. 

Since         12  x  20  x  41.6  x  50  =  2)  x  20  x  62.4  x  50 

=  weight  of  water  displaced ; 

41.6 


Therefore, 


2)  = 


62.4 


X  12=8  feet. 


The  center  of  buoyancy  is  on  tlie  axis  of  symmetry  4  feet  below 
tlie  water  surface ;  this  is  the  original  center  of  buoyancy,  J^. 

Since  the  sum  of  the  horizontal  components  and  the  sum  of  the 
vertical  components  of  all  forces  are  both  zero  (§§  69  and  70),  and 
the  center  of  gravity  and  the  center  of  buoyancy  are  in  the  same 
vertical  line,  the  scow  is  in  a  position  of  complete  equilibrium. 
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StaUUty  with  the  axis  of  symmetry  inclined.  Consider  the 
effect  of  tilting  the  scow  as  shown  in  figure  25  b, 

U  the  loading  remains  constant,  the  amount  of  water  displaced 
must  be  constant  for  any  angle  of  heel.  Therefore,  the  volume  of 
the  wedge  of  water  displaced  on  one  side  of  the  axis  of  83rmmetry 
equals  the  volume  of  the  wedge  released  on  the  opposite  side. 

Id  this  position,  the  sum  of  the  horizontal  components  and 
the  sum  of  the  vertical  components  of  all  forces  are  both  zero 
(§§69  and  70). 

It  is  necessary  to  find  the  relative  positions  of  new  center  of 
buoyancy  b^  and  the  original  center  of  gravity  0-q^  and  thus  to 
determine  whether  the  body  is  stable  against  overturning.  This 
may  be  done  by  any  convenient  method  with  reference  to  any  set 
of  axes. 

Let  the  axis  of  symmetry  be  the  F-Faxis,  and  a  perpendicular 
to  7- F  through  b^  be  the  JC-Jfaxis. 

To  find  the  center  of  buoyancy.  The  center  of  buoyancy  (5^) 
in  the  tilted  position  shown  coincides  with  the  center  of  gravity 
of  the  area  CJEFR^  which  is  made  up  of  four  figures,  rectangle 
CEJE,  triangles  SKL  and  FKI,  and  rectangle  LJIK 

Let  x^  and  y^  be  coordinates  of  by 

Taking  moments  about  the  axis  F-P", 

x.=  -  ^-^  =  — ,  measured  to  the  left  from  T-T;       (1) 
Taking  moments  about  the  axis  X-X, 


-f  d« 


\2    2r 


Vi  =  -f  -r-ir  =  — ^,  measured  upward  from  X-X.  (2) 

To  find  the  angle  of  heel  (6^)  for  this  position : 

tan  ^1  =  - ;    cot  ^i  =  y  (^) 
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To  find  the  location  of  the  metacenter  (m^)  for  this  position :  by 
definition,  m^  is  on  the  axis  Y-  Y  and  distant  from  6^,  h^m^ ; 

6o%  =  ^xCot^,  +  y,=  Ajx|  +  ^  =  3^  +  ^.  (4) 

To  find  the  metacentric  height  {M{)  for  this  position  :  by  defini- 
tion the  metacentric  height  is  the  distance 

To  find  the  proper  metacentric  height  (ifo).  The  equation  (4) 
for  finding  the  position  of  the  metacenter  ^o*'^!  ~  F7i  ■'"  F7i  ^®  * 
general  one  for  a  vessel  of  this  shape,  provided  the  top  is  not  im- 

mersed  ;    when  rf  =  0,  J^Wq  =  — — ;    and 

o  I) 

The  locus  of  the  center  of  buoyancy.  As  the  vessel  is  heeled 
through  a  series  of  inclined  positions,  the  path  of  the  center  of 

buoyancy  is  a  parabola,  of  which  — —  is   a   subnormal,  and  there- 
fore a  constant. 

The  magnitude  of  the  couple  Be, 

c  =  M^  sin  0^  =  (JqWi  —  *o^o)  ^^^  ^i » 
and  Be  =  W^b^m^  -  b^Go)  sin  0.  (7) 

The  scow  is  in  equilibrium.  Because  m^  in  the  tilted  position 
of  the  scow  is  clearly  in  such  a  location  that  Be  is  a  righting 
couple,  and  because  the  horizontal  and  vertical  forces  are  in  equi- 
librium, the  scow  is  in  complete  equilibrium.  Successive  positions 
may  be  investigated  in  a  similar  manner. 

Numerical  results. 

From  (1),  x,  =  A  =  1^  =  0.83  feet. 

From  (2),  *,,  =  ^  =  ^  =  0.083  feet. 


From  (3),  tan  0^  =  '-=.2;  cot  0^  =  5.0 ;  sin  0^  =  .196. 


e^    .    cP       ,   ^         102     .      22 


From  (4)  and  (5),  Jf, .  ^^  +  ^  -  J.  ff.  =  ^  +  ^      2  = 
2.25  feet. 
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From  (4)  and  (6),  ifo  =  ^^  -  *o  fl^o  =  3^  -  2  =  2. 17  f eet. 

From(7),5(?=:20  x  12  x  50  x  41.6  x  2.25  x  .196 =220,150  foot 
pounds. 

In  order  to  hold  the  scow  in  the  tilted  position,  a  couple 
F^a^  =  220,150  foot  pounds  must  be  exerted  without  altering  the 
displacement. 

For  example,  a  load  F^  =  22,015  pounds  already  on  board  on 
the  end  of  derrick  boom,  if  swung  athwart  the  scow  a  distance 
(Zi  =  10  feet,  would  just  tilt  the  scow  into  the  position  shown. 

84.  The  formulas  (1)  to  (7),  derived  to  compute  a;,  y,  0^  M,  and 
Be  with  reference  to  a  transverse  plane,  are  general  formulas  for 
Aoy  rectangular  outline#vith  reference  to  any  plane,  provided  the 
deck  is  not  submerged. 

Other  farms  of  solids  may  be  computed  by  similar  methods,  al- 
though in  some  cases  more  intricate.     Every  case  resolves  itself 
into  finding  the  position  of  the  actual  center  of  buoyancy  relative 
to  the  original  center  of  gravity  (chosen  for  convenience)  by  the 
ordinary  methods  of  mechanics.     Moving  a  weight  already   on 
board  changes  the  actual  center  of  gravity,  and  if  the  new  position 
of  the  center  of  gravity  were  determined  it  would  be  found,  when 
equilibrium  is  established,  to  be  on  a  vertical  through  the  cor- 
responding position  of  the  actual  center  of  buoyancy. 

85.   Formulas  for  regular  solids. 

Certain  regular  solids  frequently  used  in  engineering  practice 
are  shown  below,  together  with  the  formulas  for  computing  x,  y,  ^, 
b^m^  and  b^mQ. 

d  =  the  distance  by  which  the  water  line  is  raised  out  of  water. 

2>  =  the  draught  when  the  axis  of  symmetry  is  vertical. 

r^  =  outside  radius,  and  r^  =  inside  radius  of  a  cylinder  or  sphere. 

b^  =  center  of  buoyancy  when  axis  of  symmetry  is  vertical. 

Qq  =  center  of  gravity  when  axis  of  symmetry  is  vertical. 

b  =  center  of  buoyancy  when  axis  of  symmetry  is  in  any  inclined 
position. 

m  =  metacenter  when  axis  of  symmetry  is  in  any  inclined  position. 


*  "wr, 


^'T,J^ 
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A  homogeneous  sphere ;  or  a  homogeneoiis  cylinder  with  its  axis 
of  symmetry  horizimtaL    For  the  position  shown  in  figure  26, 

a;=0;  y«0;  ^  =  0;  b^m 
B  ft^^^  a  0;  and  M^  0. 

Such  solids  are  therefore 
stable  against  transverse  ro- 
tation in  any  position  of  tilt- 
ing. For  a  sphere  the  con- 
ditions of  stability  in  any 
plane  are  identicfd  with  a 
cylinder  in  a  transyerse 
plane. 

T^  l<mgitadinal  stability 
of  a  cylinder  may  be  de- 
termined by  the  application 
of  principles  already  explained,  perhaps  most  easily  by  cutting  it 
into  Tertioal  sections  parallel  to  its  axis  and  using  an  approximate 
method ;  the  elementary  cross  sections  in  this  case  may  be  con- 
sidered rectangular  and  the  elementary  solids  may  be  considered 
parallelopipeds. 

A  cylindrical,  flat-bot- 
tomed vessel  floating  on 
end     See  figure  27. 


x  = 

4  2>' 

y= 

tan  0s 


d 


b^m 


AD     8J) 


Vo  =  j^- 


Fig.  27. 


THE  EQUILIBRIUM  OF  FLOATING  SOLIDS 


75 


A  Cylindrical  caisson ;  open  at  top  and  bottom.     See  figure  28. 

fZZZZZZZZl 


^=T^<^»'  +  '-^')' 


y= 


—  (V + n')  5 


8i>r, 


*-->t 


tantf=  — ; 


*«-  =  5^(V  +  r.»)(l  +  0 


*O»»0=  4^  (''O +  *•!*) 


1 


^T 


1  t 


Y 

FiQ.  28. 


A  cylinder  with  closed  top  and  no  bottom,  with  thin  walls.     In  a 
ylinder  with  closed  top  and  no  bottom,  disregarding  the  volume 

of    walls,   the    center    of 


buoyancy  (6)  always  main- 
tains the  same  position, 
viz.  on  the  axis,  midway 
between  the  two  water 
surfaces  inside  and  out- 
side; and  unless  the  cen- 
»  ter  of  gravity  is  below  the 
center  of  buoyancy,  the 
cylinder  will  not  stand 
vertical  unless  supported. 
P'or  example,  a  gas  holder. 
See  figure  29. 

86.   Approximate  method. 

To  determine  the  stability 
of  a  complicated  shape,  plot 
to  scale  the  successive  cross 


Fio.  29. 


CHAPTER  V 

FUNDAMENTAL   PRINdPLBS  OF  HTDROBffECHANICS 

87.  The  fundamental  laws  of  mechanics  form  the  basis  of  hydrau- 
lic formulas.  Such  of  the  laws  of  mechanics  *  as  are  fundamental 
to  hydraulics,  briefly  stated  in  the  following  paragraphs,  will  in 
their  proper  connection,  when  necessary,  be  further  elaborated. 

88.  The  velocity  of  falling  bodies.  The  velocity  (  F)  acquired 
in  falling  from  rest  through  a  height  (A)  under  the  action  of 
gravity  alone, 

r=  V2gh  =  8.02VA  (feet  per  second). 

(See  Table  LXI.) 

If  the  body  has  an  'initial  vertical  downward  or  upward  veloc- 
ity (  FJj)  feet  per  second, 

V=  ^'Igh  ±  Vq  (feet  per  second). 

89.  The  space  traversed  by  falling  bodies.  A  body  falling  from 
rest  under  the  action  of  gravity  alone  will  in  t  seconds  fall  a 
vertical  distance,  h=^\gt^  (feet). 

A  body  moving  with  an  initial  vertical  downward  or  upward 
velocity  ( I^)  will  in  t  seconds  travel  a  vertical  distance, 

h=lgfi±J\t  (feet). 

90.  The  path  of  a  body  when  the  initial  velocity  is  not  vertical. 

If  the  initial  velocity  V^  is  not  vertical,  but  has  a  direction  ^,  the 
vertical  distance  traversed, 

h=lgfi±  VqI  sin  0  (feet) ; 

and  the  horizontal  distance, 

x=  V^t  cos  0  (feet). 

*  It  is  assumed  that  the  student  is  familiar  with  the  laws  of  mechanics ;  the 
formulas  are  here  stated  merely  for  convenience  of  reference. 
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7.  -^  ship  of  5000  tons  displacement  is  upright  and  symmetrical  when    a 
freight;    F  =  40  tons  is  amidships.    Moving  P  across  the  deck  to  one  side  a 
distAixce  of  10  feet  caused  the  bob  of  a  pendulum  15  feet  long  to  move  throuj^h 
10  iT^ches.    What  is  the  metacentric  height  ? 

d-  A  dredge  scow,  with  its  bucket  extended  and  empty,  floats  on  an  even 
keel.  When  the  bucket  has  a  load  of  5  tons  at  a  distance  of  25  feet  from 
center  line  of  scow,  a  pendulum  12  feet  long  swings  4  inches.  Find  the 
metacentric  height.    Weight  of  scow  and  load  =  1,000  tons. 

9.  Given  a  scow  36  feet  wide,  15  feet  high,  and  60  feet  long.  The  draught  is 
9  feet  If  its  water  line  is  tilted  6  feet  above  the  water  surface,  find  for  this 
position: — 

(a)   Location  of  its  center  of  buoyancy. 

{h)  Metacentric  height. 

(c)   Righting  couple. 


F^^^^^f^i^^oS;  if  e  =  one  second,  J'-^CTi-  V^). 
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96.  Energy  of  pressure;  potential  energy.     Since  a  change 
the  intensity  of  pressure  from  p  ponnds  per  square  foot  to  0 

capable  of  producing  in  a  fluid  a  velocity,  V=  '\2g^^  in  this  cas^^ 

7 
7  =  tr,  then  the  potential  energy  of  pressure, 

E^W^  (footpounds); 
w 

97.  The  force  required  to  prodnce  acceleration '  or  retardation. 
Acceleration  or  retardation  is  the  rate  of  change  of  velocity.     A 
constant  force,  F  pounds,  which,  acting  on  a  body   weighing* 
W  pounds,  will  cause  it  to  change  its  velocity  dv  feet  per  second 
in  an  interval  of  time  dt^  may  be  found  as  follows : 

g  dt"^  g\ 

Vq  =  the  component  of  the  origrinal  velocity  parallel  to  the  line 
of  action  of  F. 

Vi  =  the  component  of  the  final  velocity  parallel  to  the  line  of 
action  of  F. 

98.  Centrifugal  force.  The  force  required  to  restrain  a  body 
of  weight,  Wt  from  moving  out  of  a  circular  path  of  radius,  p,  is 
called  the  centrifugal  force,  F^. 

The  centrifugal  retardation,  -r-,  is  equal  to  — .     Therefore 

at  p 

Fc  = (foot  pounds). 

99.  The  principle  of  work.  A  body  can  be  transferred  into  a 
new  position,  or  changed  in  form  or  size,  or  undergo  a  change  in 
velocity,  only  by  overcoming  resistances  which  oppose  the  change. 
This  process  is  called  doing  work.  The  amount  of  work  done  is 
equal  to  the  energy  expended,  irrespective  of  whether  it  is  use- 
fully applied,  and  is  measured  by  the  total  resistance ;  it  is  equal 
to  the  force  exerted,  F  pounds,  multiplied  by  the  space,  S  feet, 
through  which  resistance  is  overcome.     This  may  be  expressed  : 

Work  done  =  energy  exerted  =  FS  (foot  pounds). 

The  change  of  velocity  from  V^  to  Vj  feet  per  second,  or  equiv- 
alent changes  in  elevation  or  pressure,  in  a  distance  *?,  requires  a 
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force  -P,  or  an  expenditure  of  energy  of  FS  foot  pounds,  equal  to 
the  change  in  energy  of  the  weight  W.     Therefore, 

^9  \    y    J 

lOO.  Application  of  the  principle  of  work  to  falling  water.  If 
the  initial  velocity,  F^,  =  0,  and  V^  =  the  final  velocity,  S=  h^  the 
dist&nce  through  which  water  falls,  and  F  =  the  force  of  grav- 
ity =  Tr;  then 

FS^  TrA=-^y-i-. 

Even  though  the  time  required  to  fall  through  the  distance,  or 

to  change  the  velocity  or  pressure,  may  require  several  seconds, 

if  V  pounds   of  water  are  changed  every  second  in  elevation, 

velocity,  or  pressure,  the  formula  represents  the  work  done  every 

second. 

101.  Horse  Power.  The  rate  of  expenditure  of  energy  is  usually 
stated  primarily  in  foot  pounds  per  second,  or  in  horse  power 
(5P);  one  horse  power  equals  550  foot  pounds  per  second. 

Therefore,  ^  =  ffP. 

102.  Conservation  of  energy.  When  there  are  no  frictioual  re- 
sistances, the  energy  expended  in  doing  work  is  not  lost,  but 
merely  transformed;  energy  exerted  in  a  body  changing  its 
motion  or  position  is  represented  by  an  exact  equivalent  amount 
of  energy  in  some  form  in  the  body  itself.  Hence,  if  the  body 
does  not  receive  or  part  with  energy,  the  total  energy  is  a  con- 
stant, expressed  as  follows : 

Total  energy  =  kinetic  energy  -|-  potential  energy  =  constant. 
This  law  appears  in  hydraulics  as  Torricelli's  and  Bernoulli's 
theorems. 

103.  Torricelli's  theorem.  In  1643,  Torricelli  enunciated  the 
theorem  that  "  the  velocity  of  a  fluid  passing  through  an  orifice  in 
the  tide  of  a  reservoir^  is  the  same  as  that  which  is  acquired  hy  a 
^iy  falling  freely  in  vacuo  from  a  vertical  height^  measured  from 
the  surface  of  the  fluid  in  the  reservoir  to  the  center  of  the  orifice,'*'' 
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104.  Bemoolli's  theorem.  In  1788,  Bernoulli  showed  that  the 
law  of  the  conservation  of  energy  is  applicable  to  the  flow  of 
fluids.     Bernoulli's  theorem  may  be  stated  thus  : 

At  every  section  of  a  eantinuous  and  steady  stream  of  frietionUss 
fluids  the  total  energy  is  constant;  that  whatever  entigy  is  lost  as 
pressure  is  gained  as  velocity.     Therefore,  in  terms  of  head, 

Total  energy  «  velocity  head  -H  pressure  head  +  head  due  to 
position  a  constant :  or,  in  every  stream  section, 

ir,=  A,  +  A,  +  A.=«P+£+A,. 

2^     7 

ff,  is  the  total  head. 

Ae  is  the  vertical  distance  from  any  reference  plane  to  the  point 
at  which  p  is  measured. 

Note  that  p  may  be  more  or  less  than  atmospheric  pressure. 
'    Consider  a  stream  of  frictionless  fluid  having  a  steady  volume 
of  flow  of  TT pounds  per  second.     Let  A  and  B  represent  any  two 
consecutive  points  in  the  stream. 

At  A  the  velocity  is  I^  feet  per  second ;  the  pressure  head,  h^ 
feet ;  and  the  elevation  of  A,  A«  feet.  At  B^  F^  is  the  velocity, 
hj,  is  the  pressure  head,  and  h,  is  the  elevation. 

At  section  A  the  total  energy  =  W(^  H-  Ap  H-  A^  j  =  WHj,; 

^        if  ' 

At  section  B  the  total  energy  =  T[ -^  +  K^  +  hA  =  TFJTy. 

^         if  ' 

Therefore,  -h^  +  ^p  +  *e  =  -^  +  *j»  +  A,  =  iT^ 

This  formula,  properly  modified  to  include  the  effect  of  fric- 
lional  resistances,  is  the  basis  of  all  empirical  formulas  for  the 
flow  of  water. 

105.  Frictional  resistances  modifying  theoretic  formulas.      To 

the  movement  of  water  are  opposed  frictional  resistances,  so 
called,  of  which  neither  the  character  nor  the  laws  governing 
their  action  have  been  precisely  defined.  Many  experiments, 
some  higlJy  trustworthy,  others  less  reliable,  have  been  made  for 
the  purpose  of  determining  the  laws  governing  fluid  friction.  So 
far,  these  investigations  have  made  available  a  large  mass  of  in- 
valuable  information,  but   have  produced   laws  of   only  limited 
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applicability.  From  these  re8earch6s,  however,  hydraulic,  coeffi- 
cients covering  a  wide  range  of  conditions  have  been  derived. 
Methods  of  reducing  these  resistances  have  also  been  learned, 
as  well  from  practice  as  from  experimental  research.  Theo- 
retic formulas  expressing  the  fundamental  principles  of  hydro- 
mechanics are  the  basis  of  practical  formulas,  serving  not  only  to 
determine  the  character  of  problems,  but  also  the  limiting  value 
of  results.  Practical  formulas  are,  therefore,  theoretic  formulas 
modified  by  numerical  coefficients  derived  from  practice  and  re- 
search,— or.  in  other  words,  empirical  formulas. 

Problema 

1.  The  water  tank  of  a  locomotive  has  its  intake  9  feet  above  the  water  in 
Uie  feed  trough  placed  in  the  middle  of  the  track.  What  is  the  least  speed 
in  miles  per  hour  which  will  project  water  through  a  scoop  into  the  tank 
(a)  neglecting  frictional  resistances;  (b)  assuming  that  frictional  resistances 
absorb  enough  energy  to  raise  water  7  feet  ? 

2.  Compute  for  heads  of  15,  40,  and  150  feert  (a)  the  equivalent  intensity 
of  pressure  in  pounds  per  square  inch;  (b)  in  inches  of  mercury;  (c)  the 
Telocity  due  to  the  head ;  (d)  the  discharge  in  cubic  feet  per  second  through 
ao  opening  having  an  area  of  1  square  inch ;  (e)  also  the  equivalent  discharge 
in  gallons  per  minute. 

3.  Compute  the  head  due  to  velocity  for  velocities  of  2,  6,  8,  and  20  feet 
per  second. 

4.  Show  by  a  sketch  and  assumed  values  of  your  own  the  application  of 
Bernoulli's  theorem  to  the  flow  of  a  frictionless  fluid  in  a  closed  channel  (pipe 
under  pressure). 

5.  A  jet  of  water  flows  from  a  nozzle  with  a  velocity  of  30  feet  per  second, 
at  an  angle  of  50  degrees.    Assuming  no  air  resistance,  determine  its  path. 

6.  If  100  pounds  of  water  per  second  discharge  from  a  nozzle  at  a  velocity 
of  40  feet  per  second,  what  gross  horse  power  is  available  ? 

7.  If  2000  pounds  of  water  per  second  are  reduced  in  pressure  in  flowing 
through  a  turbine  of  from  40  pounds  per  square  inch  above  atmospheric  to 
10  pounds  per  square  inch  below  atmospheric  pressure,  compute  the  energy 
expended  and  the  gross  horse  power. 

^  A  mass  of  water  weighing  100  pounds  is  flowing  with  a  velocity  of 
20  feet  per  second  through  a  curved  channel  bent  to  a  radius  of  30  feet.  Com- 
pute the  force  in  pounds  exerted  on  the  water  to  keep  it  in  its  curved  path. 

5.  What  force  musf  be  exerted  to  change  the  velocity  of  1000  pounds  of 
water  from  20  feet  per  second  to  5  feet  per  second  in  one  second? 

10.  A  stream  of  water,  3000  cubic  feet  per  second,  falling  through  40  feet| 
will  make  available  how  much  gross  horse  power? 
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THE  PLOW   OF  WATER  — MITTHODS  OF  MEASI 

106.  Flow  of  water.  Flow  means  the  general  translatorp 
movement  of  a  body  of  water,  and  is  caused  by  inequalities  of^ 

elevation  or  pressure  in  its  different  parts. 

107.  A  stream  of  water  is  a  body  of  water  spouting  through 
tlie  iiir  or  tlowing  through  a  channel  cut  out  of  or  made  up  of  sohd 

niiLterials. 

106.  A  channel  is  the  bed  of  a  stream,  that  is,  any  natural  or 
aniticial  receptiicle  containing  a  flowing  body  of  water, 

108.  Free  discharge.  A  stream  if  surrounded  on  all  sides  by 
gas  or  vapor  is  said  to  have  free  discharge,  or  free  deviation :  and 
the  stream  is  usually  called  a  jet.  The  discharge  from  an  orifice 
into  air  or  the  open  end  of  a  piijc  gives  the  condition  of  free 
discharge,  or  free  deviation. 

110.  Submerged  discharge.      If  a  stream  which  is  flowiag  into 

another  body  of  water  has  its  entire  cross  section  below  the  water 
surface  of  the  latter,  the  flow  is  said  to  be  wholly  submerged ;  if 
only  part  of  its  cross  section  is  below  the  water  surface,  the  flow 
is  partly  submerged. 

111.  Flow  in  open  channels.  If  the  upper  surface  of  the  flow- 
ing water  is  free  (exposed  to  atmospheric  pressure  only)  and  the 
43ther  surfaces  are  in  contact  with  a  solid  which  forms  the  stream 
bed,  the  intensity  of  pressure  at  every  point  in  the  stream  will  be 
measured  by  the  vertical  distance  of  the  point  below  the  free 
water  surface,  and  the  coiulitinu  of  flow  in  an  open  ch;ninel  exists. 

112.  Plow  in  closed  chanaels,  or  flow  under  pressure.     If  the 

flowing  water  has  no  free  surface,  and  if  the  intensity  of  pressure 
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at  eyerj  point  in  the  stream  is  in  excess  of  that  produced  by  the 
mere  depth  of  water,  the  flow  is  under  pressure,  and  the  condition 
of  flow  in  a  closed  channel  exists  (see  A  to  JE,  figure  31). 

113.  The  Yolume  of  flow;  discharge.  The  volume  of  flow, 
commonly  called  the  discharge,  is  the  quantity  of  water  passing 
through  any  stream  cross  section  in  a  unit  of  time,  usually  a 
second.  The  discharge  equals  the  cross-sectional  area  of  the 
stream  multiplied  by  the  mean  velocity  of  the  water  in  the 
section. 

A  cubic  foot  per  second,  often  called  a  second  foot,  is  the 
standard  unit  of  measurement  of  stream  flow  in  American  prac- 
tice; other  units  are,  however,  frequently  used  (see  Chapter  I). 

I^  Qsthe  discharge  in  cubic  feet  per  second. 

A=the  cross-sectional  area  of  the  stream  in  square  feet. 

F=a  mean  velocity  of  the  water  in  feet  per  second  in  the  sec- 
tion under  consideration. 

Tlien  Q^AV.  (1) 

From(l)  r=-?.  (2) 

A 

And  also  from  (1)  ^^%'  (3) 

'file  relations  expressed  by  formulas  (1),  (2),  and  (3)  hold  for 
*DJ  system  of  units. 

Ui  The  cross-sectional  area.  The  cross-sectional  area  (A)  is 
the  actual  area  of  any  stream  cross  section  taken  at  right  angles 
to  the  axis  of  the  stream,  or  to  the  general  translatory  direction 
of  flow  at  the  point  where  the  discharge  is  to  be  measured. 

The  area  should  be  computed  by  the  ordinary  rules  of  mensura- 
tion from  dimensions  determined  by  direct  calibration. 

Distinction  must  be  made  between  the  cross-sectional  area  of  a 
channel  itself,  and  the  cross-sectional  area  of  the  stream  flowing 
^  the  channel ;  the  latter  is  the  cross-sectional  area  (-4)  required, 
*nd  may  be  less  than  the  former. 

US.  Mean  velocity  of  flow.  In  any  stream  cross  section,  the 
velocity  of  flow  will  be  different  at  different  points.  In  a  smooth 
Ppe  flowing  full,  for  instance,  the  velocity  is  greatest  at  or  near 
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the  center,  and  least  along  tiie  aides.  The  tneaD  traualatoi 
■velocity  ( P"),  parallel  to  the  axis  of  the  channel,  is  the  velocit 
required  iii  determining  the  volume  of  flow. 

The  velocities  at  different  points  in  the  cross  section  of  a  stresi 
may  be  determined  directly  or  indirectly  by  suitable  instrumenU 
and  from  these  velocities  the  meau  velocity  may  be  computei 
Or  the  mean  velocity  may  be  directly  deduced  from  the  laws 
motion  modified  by  coefficients  determined  by  experiment, 

116.  Steady  flow.  For  any  period  of  time  during  which  t- 
area  of  a  stream  cross  section,  the  pressure,  aud  the  direction  n. 
the  mean  velocity  of  Sow  in  that  section  are  all  constant,  the  fl«^ 
is  said  to  be  steady ;  that  is,  the  discharge  is  constant  for  succ« 
sive  equal  intervals  of  time.  If  the  discharge  varies  with  tl 
time,  it  is  unsteady.  Absolutely  steady  Bow  is  never  obtained 
it  is  merely  more  or  less  closely  approximated.  Conditions  o 
steady  &o\v,  although  often  lasting  but  a  short  time,  are  usuall; 
iLssumed  in  computations  of  discharge,  tf  all  the  condition 
shown  in  figure  31  are  constant,  the  flow  is  steady. 

117.  Uniform  flow.  For  all  successive  cross  sections  of  a  streai 
in  which  the  mean  velocities  of  flow  are  equal,  the  flow  is  said  I 
be  uniform,  that  is,  the  discharge  is  constant  and  the  successi\ 
cross-sectional  areas  are  equal.  See  B  to  C,  and  D  to  E.  in  figui 
81.  If  the  velocities  or  the  areas  change  from  place  to  place,  eve 
though  the  discharge  is  steady  from  time  to  time,  the  How  is  sa! 
to  be  variable.  The  channel  shown  on  figure  31  represents  as 
whole  a  case  of  variable  flow. 

The  dletinctioa  between  uniform  and  variable  flow  is  impoitau 
since  the  resistances  to  uniform  flow  are  rauoii  leas  than  the  resis 
ancea  to  variable  flow;  and  coefficients  for  uniform  flow,  unle. 
properly  corrected,  should  not  be  applied  to  cases  of  variab 
flow. 

118.  Principle  of  continuity  of  flow.  If  the  flow  of  a  streai 
is  steady,  whether  uniform  or  variable,  the  area  of  any  atreai 
cross  section  multiplied  by  the  mean  velocity  of  flow  in  thi 
section  will  equal  the  discharge.  In  figure  31  let  A^  A^  Af,  etc 
be  successive  areas,  and  Vy  V^.  Vg,  etc,,  corresponding  velocitiei 
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119.  The  wetted  perimeter.  The  wetted  perimeter  (w.y.)  is 
that  part  of  the  boundary  line  of  the  croits  section  of  a  channel 
which  is  ia  contact  with  the  flowing  water.  In  a  river,  the 
wetted  perimeter  is  the  length  of  the  line  outlining  the  bottom 
and  sides ;  in  a  circular  pipe  of  diameter  (i))  flowing  full,  it  is 
the  circumference  of  a  circle  (vD')  ;  if  flowing  half  full,  it  is  the 


half  eircamference 


vD 


120.  The  mean  hTdraulic  radios.     The  mean  hydraulic  radius 

(ft)  is  the  croaa-sectional  area  (j1)  of  a  stream  divided  by  its 

wetted  perimeter ;  therefore, 

_,  .     3       1.        ,.        T»      -^  tlie  cross-sectional  area 

The  mean  hydraulic  radius,  R  =» ; -, -. — ■ — -• 

w.p.,  the  wetted  penmetei' 

121.  The  head  lost  in  flow.  The  flow  of  water  sets  up  resist- 
uiees,  in  the  overcoming  of  which  energy  is  irrecoverably  ex- 
pended. For  a  given  stream  the  sum  total  of  energy  thus 
sipended  increases  with 
the  distance  traveled,  as 
both  theory  and  ample 
eiperience  prove.  The 
difference  in  the  sura 
loUls  of  energy  between 
twu  stream  sections  is, 
tlwrefore,  the  energy  irre- 
coverably expended,  or 
"lost,"  by  the  stream  be- 
tween these  two  places. 
If  the  flow  is  steady,  this  loss  of  energy  may  be  expressed  by  the 
diiference  between  the  sum  totals  of  the  heads  due  to  velocity, 
presaare,  and  elevation  existing  at  any  instant  in  two  successive 
■ectiong ;   this  difiference  in  heads  is  called  the  lost  head. 
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Lost  head  will  in  general  be  designated  Aa. 

Consider  the  following  case  of  steady  flow  of  a  stream  througb 
a  series  of  variously  formed  channels.     See  figure  31. 

Let 

Vq,  Vy"'  =  mesLn  velocities  of  flow  at  successive  sections. 

A„ ,  A„ ,  •••  =  pressure  head  at  successive  sections,  =  — ,  ^,  •••. 

A^,  A^  ,...=  elevations  of  center  of  channel  above  datum  plane 

at  successive  sections. 

p^  =  atmospheric  pressure,  and  the  head  due  to  jo^  =  ^. 

^  =  a  steady  volume  of  flow. 

Tr=  wQ^  weight  of  volume  of  flow. 

Consider  the  head  lost  between  sections  A  and  B  which  may 
represent  any  two  consecutive  sections. 
By  Bernoulli's  theorem. 

Therefore,  the  head  lost  between  A  and  B 

Aa=  '^V,    ^  -hA,  +A,  -Ap  -A,.       (8) 

122.  The  hydraulic  grade  line.  If,  on  the  profile  of  a  channel, 
vertical  lines  be  drawn  to  represent  graphically  the  pressure  head 
at  every  section,  a  line  drawn  to  connect  the  upper  ends  of  these 
vertical  lines  is  called  the  hydraulic  grade  line.  The  hydraulic 
grade  line  of  a  river,  or  other  open  channel,  is  a  longitudinal  pro- 
file of  the  water  surface. 

The  line  ABODE  in  figure  31  is  the  hydraulic  grade  line  of  the 
channel  shown,  during  flow ;  if  the  flow  is  entirely  stopped  by  an 
obstruction,  the  horizontal  line  through  A  becomes  the  hydraulic 
grade  line.  The  hydraulic  grade  Jine  as  usually  shown  represents 
only  heads  due  to  elevation  and  intensity  of  pressure  ;  to  show  the 
total  head  at  each  section  it  should  include  also  the  velocity  head. 

123.  The  slope  of  the  hydraulic  grade  line.  Since  the  total  loss 
of  head  increases  with  the  length  of  a  channel,  the  hydraulic  grade 
line  which  represents  graphically  the  pressure  head  at  every  sec- 
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tion  will  have  a  general  downward  inclination  in  the  direction  of 
flow. 

iW  uniform  flow  the  grade  line  has  a  constant  slope  which  may 
be  measured  by  the  sine  (aS)  of  the  angle  of  inclination. 

^  =  |.  (9) 

Aa  =  head  lost  in  a  length  of  channel  L, 

For  variable  flow  the  grade  line  will  be  broken  and  the  inclina- 
tion varies  from  section  to  section ;  but  at  places  where  the  veloc- 
ity is  suddenly  increased  (see  C  to  i>,  figure  31)  the  grade  line 
will  take  a  sudden  drop  and  then  a  sudden  rise.  This  sudden 
drop  is  not  all  a  loss  of  energy,  but  means  that  momentarily  pres- 
sure is  being  converted  into  velocity ;  and  the  rise  means  that  by 
diminution  of  velocity  the  pressure  is  being  restored. 

124.  Conditions  affecting  the  resistance  to  flow.  As  the  propor- 
tion of  the  total  head  to  be  used  in  overcoming  resistance,  produc- 
ing velocity,  or  remaining  in  the  stream  depends  upon  the  velocity 
of  flow  and  the  resistances  to  flow,  it  is  important  to  know  what 
factors  affect  resistances  to  flow. 

Resistance  is  independent  of  the  pressure  exerted  by  the  water 
on  the  wetted  perimeter. 

Resistance  is  approximately  proportional  to  the  total  area  of 
rubbing  surface ;  that  is,  the  length  of  the  channel  multiplied  by 
the  wetted  perimeter. 

Resistance  increases  with  increased  roughness  of  channel;  as 
some  power  of  the  mean  velocity,  1  or  higher ;  with  an  increase 
in  the  amount  of  suspended  matter  in  the  water ;  with  abrupt 
changes  in  the  cross-sectional  area  of  the  channel;  at  bends;  or 
at  junctions  with  other  channels. 

Resistance  decreases  with  a  rise  in  temperature. 

125.  Lrregular  motion  of  flowing  water.     In  flowing  water,  the 
surface  in  open  channels,  and  the   pressure  in  closed  channels, 
oscillates ;  perhaps  more  at  the  sides  than  near  the  center.     Ex- 
cept under  very  low  velocities  and  favorable  conditions,  the  par- 
ticles of  water  do  not  move  in  parallel  stream  lines,  but  cross  and 
recross  each  other  in  many  directions ;  making  the  stream  motion 
a  combination  of  translatory  and  eddy  motion.     The  eddy  motion 
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ifl  greatest  along  tlie  perimetur,  and  increases  with  increased  roug3 
neas  of  the  perimeter.  Very  precise  observations,  following  sm 
very  close  intervals  of  time,  slionld  therefore  show  flucluatioas  i— 
velocity,  without  appreciable  changes  in  the  discharge.  Theu 
lluctuations,  or  pulsationt.  sometimes  appear  in  guugings.  11 
sliglit,  they  are  not  coiisidered,  since  their  effect  is  practicall_ 
elimiiiated  in  the  period  of  time  required  to  miike  one  measurs 
ment.  and  they  are  not  usually  detectjible  by  the  methods  cz 
measurement  ordinarily  used;  but  very  turbulent  water  will  ic 
terfere  with  accurate  measurement  of  discharge.  The  effect  m 
tui'bulent  motion  is  shown  in  increased  resistance  to  Sow. 

126.  The  critical  velocity.  Turbulent  eddying  motion  exists  ■ 
nearly  all  tmses  in  practical  hydraulic  problems,  and  the  resistam.- 
to  flow  varies  in  proportion  to  some  power  of  the  mean  veloci 
between  1.7  and  2,0  or  more.  Certain  investigations,  hnweve 
have  sliown  that  at  very  low  velocities  the  motion  of  the  wat* 
is  in  parallel  stream  lines,  that  is,  without  the  disturbance  due  -i 
eddying  motion;  and  the  resistance  to  flow  varies  nearly  direct] 
as  the  mean  velocity  of  flow.  The  velocity  at  which  turbuleE 
eddying  motion  begins  or  ceases  is  called  the  critical  velocity. 

Reynolds  *  made  experiments  to  determine  the  point  of  critical 
velocity,  and  found  that  there  were  two  critical  values  for  aa.- 
pipe  or  tube;  "one  at  which  steady  motion  changed  into  eddieM 
the  other  at  which  eddies  changed  into  steady  motion."  ThJ 
former  change  was  found  to  occur  at  velocities  considerabl;^ 
higher  than  the  latter;  and  the  two  critical  points  are,  therefore 
called  "  the  higher  critical  velodtif  "  and  "  the  lower  critical  velocity T 

The  higher  critical  velocity.  Reynolds  found,  by  experiment^ 
with  streams  of  colored  water  in  straight  glass  tubes,  that  whefl 
the  velocity  was  increased  by  small  increments,  the  velocity  lu 
which  stream  line,  or  non-sinuous  flow,  changed  into  eddy  motion 
may  be  determined  by  the  following  equations : 

(10) 

•  Osbome  Beynolds,  Phil    Tram,  of  the  Boy.  Soc,  1883,  pp.  036  et  teq. 
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i>=  the  diameter  of  the  pipe  in  metres,  or  feet ; 

P  =  (l+ .03367 +.000221  T2)-i  is   the   temperature   cor- 
rection ; 

r=  temperature  of  the  water,  degrees  Centigrade. 

7^  lower  critical  velocity.     To  determine  the  point  at  which 

eddies  ceased,  when  the  velocity  is  decreased  instead  of  increased, 

Reynolds  studied  the  relation  between  the  loss  of  head  and  the 

mean  velocity  of  flow  in  straight  pipes.     The  results  were  shown 

graphically  by  plotting  the  logarithms  of  the  loss  of  head  against 

the  logarithms  of  the  mean  velocity  of  flow,  a  method  which  was 

devised  by  Reynolds.     Curves  so  constructed  are  called  "Zo^a- 

riihmie  homologue%.^^      (See   Table   XLIX   for   a   more   detailed 

explanation.) 

Every  homologue  will  (if  the  experiments  plotted  include  suflS- 
ciently  low  velocities)  have  two  branches,  both  straight  lines ;  the 
lower  having  a  slope  of  1  to  1;  the  upper  having  a  slope  of 
ntol  (n  being  greater  than  1).  The  intersection  of  these  two 
branches  may,  for  practical  purposes,  be  assumed  to  be  the  point 
of  critical  velocity ;  although  there  is,  in  fact,  a  short  portion  of 
the  curve  near  the  intersection  where  the  curve  does  not  follow  a 
clearly  definable  law.  From  his  own  experiments  Reynolds  thus 
determined  a  formula  for  the  lower  critical  velocity,  and  veri- 
fied his  results  by  plotting  in  a^  similar  manner  Poiseuille's  and 
Darcy's  experiments.  Reynolds's  formula  for  the  lower  critical 
velocity  is : 

r^  =  -L  ^  (metres)  ;   or  v,  =  0.0387  ^  (feet).         (11) 

Experiments  by  Barnes  and  Coker*  show  values  for  the 
higher  critical  velocity  fully  double  those  of  Reynolds,  and  for 
the  lower  critical  velocity  as  little  as  half  as  much  as  Reynolds. 

All  these  experiments  showed  that  disturbances  in  the  supply 
tank,  or  jarring  of  the  pipes,  made  a  marked  change  in  the  point 
of  critical  velocity.  For  practical  conditions  the  point  of  critical 
velocity  can  not  be  very  precisely  determined ;  and  except  for 
small  pipes  is  usually  too  low  to  be  considered. 

•  Proc.  of  the  Roy  Soc,  Vol.  74,  pp.  341  to  366. 


92  HYDRAULICS 

The  resistance  to  flow  for  velodties  mider  tiie  critical  Tdocity  £ 
capillary  tubes  and  small  pipes  may  be  approidmately  compu 
by  the  following  formula. 

Hazen's  formula  *  is: 


r=  csj),^-^y  (12; 


S^  the  slope  of  the  hydraulic  grade  line. 
V=  the  mean  velocity  of  flow  in  feet  per  second. 
Di  s=  the  diameter  in  inches. 
t  s  the  temperature  of  the  water,  degrees  Fahrenheit. 

c  ss  a  factor ;  from  Saph  &  Schoder*s  experiments  on  brass 
pipes  Hazen  determined  ^  to  be  from  462  to  584; 
Williams  and  Hazen  use  a  value  of  475  in  their 
hydraulic  tables,  f 

1S7.  Hazen's  formula  for  tiie  flow  of  water  through  sand.  The 
velocity  of  water  when  flowing  through  a  bed  of  sand  is  usually 
below  the  criticaF  velocity.  Hazen  |  proposed  as  the  result  of 
experiment  the  following  formula  for  the  flow  of  water  through 
closely  packed  sand  with  the  pores  completely  filled  with  water, 
and  in  the  entire  absence  of  clogging. 

V  =  the  velocity  of  the  water  in  metres  daily  (24  hours),  in 

a  solid  column  of  the  same  area  as  that  of  the  sand, 
c?  =  a  factor, 

d  =  the  effective  size  of  sand  grain  in  millimetres ;  the  size 
such  that  10  per  cent  by  weight  of  the  particles  in  a 
given  sand  are  smaller,  and  90  per  cent  larger  tlian 
itself. 

h  =s  the  loss  of  head. 

I  =  the  thickness  of  sand  layer  through  which  the  water 
passes. 

t  =  temperature  of  the  water,  degrees  Fahrenheit, 

h  and  I  must  be  in  the  same  units  of  measure. 

*  Allen  Hazen,  Trans.  Am.  Soc.  C.  JF.,  Vol.  51,  pp.  316  to  319. 

t  Williams  and  Hazen,  Hydraulic  Tables,  p.  16. 

t  Allen  Hazen,  Filtration  of  Public  Water  Supplies,  p.  22. 
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Folume  of   flow  in  24  hours  = 
uUion  gallons. 


The  valae  of  c  may  be  as  liigh  as  1200  for  very  uniform  and 
I  perfectly  clean  sand  ;  and  as  low  us  400  for  very  closely  packed 
I'Cinds  containing  a  good  deal  of  alumina  or  iron,  e3i>ecia!ly  if  they 
I  are  not  quite  clean. 

Example.  Compute  the  volume  of  flow  in  millions  of  gallons 
4iW  (24  hours),  through  a  bed  of  new  elean  sand  one  aure  in 
area,  5  teet  thick,  having  an  effective  size  of  grain  of  0.3  mm.  If 
tlie  loas  of  head  is  0.5  feet,  and  the  temperature  50°  F., 

r  =  1000  X  .3"  X  ^  f^^^^^  =  9  meters. 
5.0  \      60      / 


9.  X  3.281  x43,5ti0x  7.48  =  9.6 


METHODS  OP  MEASUREMENT 

128.  Kinds  of  methods.  The  following  methods  have  gradually 
iTDved  to  be  the  most  successful  for  measuring  the  diaclmrge  of 
loving  water  under  the  conditions  which  obtain  in  rivers,  canals, 
ijWa,  and  other  carriers. 

Meaaureraents  by  — 

"olume.  Orifices.       Current  meters. 

•  eight.  Nozzles.       Slope  of  the  hydraulic  grade  line, 

^tot  tubes.  Weirs.         Water  wheels. 

enturi  meters.         Floats,         House  meters. 

The  order  in  which  these  methods  are  tabulated  merely  indicates 
te  wder  in  which  they  are  treated. 

Numerous  other  contrivances  for  measuring  water  have  been 
Bvised,  chiefly  for  the  purpose  of  eliminating  certain  steps  in  the 
Wcess  of  recording  and  computing  the  measureraenta;  but  as  far 
>  principles  are  concerned  they  may  all  be  fairly  included  in  the 
Wthods  already  mentioned. 

Hie  only  real  criterion.  Strictly  speaking,  measurements  of 
•^ter  by  volume  or  by  weight  are  the  only  real  standards;  be- 
'o*;  the  other  methods  of  measurement  depend  upon  the  use  of 
sufficients,  directly  or  indirectly  derived  by  comparison  with 
Oliimetric  or  weight  measurements. 

.138.  Volunetric  measurement  of  discharge.     The  determination 
Ulie  rate  of  flow,  by  observing  the  time  required  to  till  a  tank 
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or  basin  to  a  known  capacity,  is  not  only  the  most  obvious,  but 
at  the  same  time,  the  most  precise  method  of  measuring  discharge; 
and  should  produce  results  free  from  most  of  the  irregularities 
and  errors  unavoidable  in  other  methods. 

The  apparatus  required  comprises :  a  water-tight  tank  or  basin 
of  which  the  volumetric  capacity  at  different  elevations  of  the 
water  surface  may  be  accurately  calculated  from  the  inside  di- 
mensions, and  which  is  arranged  to  receive  and  discharge  the 
water;  suitable  valves  and  gauges  attached  to  the  channel  of  flow 
by  which  a  nearly  constant  discharge  may  be  maintained  during 
an  experiment;  some  contrivance  by  which  the  flow  may  be 
quickly  diverted  into  and  away  from  the  basin  without  measur- 
able spilling;  gauges  for  observing  the  elevations  of  the  water 
surface;  a  stop  watch;  the  instruments  for  calibrating  the  tank; 
and  the  necessary  notebooks  for  record. 

Procedure.  (1)  Measurements  of  the  inside  dimensions  of 
the  tank  or  basin,  and  a  computation  of  its  capacity  at  successive 
elevations  of  the  water  surface,  which  are  usually  read  from  a 
gauge.  (2)  Determinations  of  the  accuracy  of  the  settings  of 
the  gauges.  (3)  Arrangement  of  the  valves  to  obtain  the  desired 
rate  of  flow.  (4)  Observations  of  the  elevation  of  the  water  sur- 
face at  least  at  the  beginning  and  end  of  each  experiment. 
(6)  Determinations  of  the  leakage,  if  any,  at  different  elevations 
of  the  water  surface.  (7)  A  computation  of  the  rate  of  flow 
from  the  volume  deposited  in  the  tank  during  the  time  covered  by 
each  experiment,  that  is, 

r,     volume  in  cubic  feet       u-    x    i.  j 

Q  =  — : : = ,  cubic  feet  per  second. 

time  in  seconds 

Application.  For  relatively  small  discharges  of  a  few  gallons  or 
a  half  cubic  foot  per  second  or  less,  tanks  may  be  easily  arranged 
for  measurement;  and  tanks  of  large  dimensions,  generally  in  lab- 
oratories, have  been  constructed  for  just  this  purpose,  some  capa- 
ble of  measuring  several  cubic  feet  per  second.  In  several 
instances,  where  the  volumetric  method  has  been  made  the  standard 
form  of  measurement,  masonry  locks  or  channels  have  been  used, 
the  existence  of  which  has  made  possible  the  extreme  accuracy 
of  the  weir  measurements  of  Henri  Bazin,  James  B.  Francis,  and 
Fteley-Stearns.     Water  supply  reservoirs  are  often  available  for 
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measuring  moderate  discharges  if  the  reservoir  is  of  regular  di- 
mensions, and  if  the  leakage  can  be  measured.  Ordinarily,  how- 
ever, the  expense  and  difficulty  of  constructing  large  water-tight 
tanks  is  so  great  that  the  volumetric  method  is  confined  to  small 
discharges,  and  used  in  calibrating  other  measuring  devices  in 
laboratories.  One  very  common  use  is  for  testing  water  meters 
to  be  used  to  measure  domestic  consumption. 

130.  Measurement  of  discharge  by  weight  of  water.  The  de- 
termination of  the  rate  of  flow  by  observing  the  time  required  to 
fill  a  tank  set  upon  weighing  scales  can  be  made  with  the  same 
degree  of  precision  as  by  the  volumetric  method ;  and  it  is  some- 
times feasible  where  the  volumetric  method  can  not  be  used. 

The  apparatus  required  comprises:  one  or  more  water-tight 
tanks  which,  when  full,  are  within  the  capacity  of  the  weighing 
scales,  usually  in  duplicate,  so  that  one  may  be  filling  while  the 
other  is  emptying ;  suitable  valves  for  regulating  the  flow ;  a 
stop  watch ;  a  thermometer ;  and  the  necessary  notebooks  for 
record. 

Procedure.  (1)  Calibration  of  the  weighing  scales  and  other 
instruments  used.  (2)  Observation  of  the  time  required  to  fill 
the  tanks.  (3)  Weighing  the  water.  (4)  A  reduction  of  the 
weight  to  volume,  with  temperature  corrections  when  necessary. 
(5)  A  computation  of  the  discharge  from  the  volume  and  time. 

If  Tr=  the  total  weight  during  an  experiment,  w  =  the  weight 

of  a  cubic  foot  of  water,  and  t  =  time  of  an  experiment  in  seconds ; 

W                                             W 
Volume  in  cubic  feet  =  — ,  and  the  discharge  {Q)  = =  cubic 

feet  per  second. 

Application.  This  method,  like  the  volumetric  method,  is  ap- 
plicable to  relatively  small  discharges  of  a  few  gallons,  rarely 
more  than  a  cubic  foot  per  second,  but  is  just  as  precise,  certainly 
iu  laboratory  experiments  for  standardizing  other  methods  of 
measurement.  This  method  or  the  volumetric  should  be  used 
wherever  possible. 

131.  Pilot  tubes.'  The  Pitot  tube  is  a  bent  tube,  usually 
of  brass,  drawn  to  a  small  open  end,  and  placed  in  the  water  to 
measure  the  head  or  pressure  due  to  the  kinetic  energy  of  flow ; 
for  practical  use  it  must  be  combined  with  some  kind  of  a  pie- 
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zotneter.  When  properly  constructed  and  calibrated,  the  Pitot 
tube  may  be  used  to  measure  the  discharge  of  open  or  closed 
channels  with  a  high  degree  of  precision ;  and  this  method  has 
made  possible  measurements  of  water  never  attempted  before. 
The  subject  of  water  waste  prevention  in  water  mains  has  been 
studied  successfully  by  means  of  some  form  of  Pitot  tube.  See 
Chapter  VII. 

132.  The  Venturi  meter.  The  Yenturi  meter,  the  principle  of 
which  is  based  upon  Bernoulli's  theorem,  is  an  instrument  used 
for  determining  the  rate  of  flow  in  pipes  under  pressure,  by  ob- 
serving the  difference  in  pressure  at  two  successive  sections  of  a 
special  casting  put  into  the  pipe  line,  one  section  being  of  the 
same  diameter  as  the  pipe  and  the  other  of  less,  the  entire  appa- 
ratus resembling  two  nozzles  with  the  small  ends  together.  The 
Venturi  meter,  if  rated  accurately,  and  free  from  unusual  disturb- 
ing conditions,  should  measure  water  probably  with  an  error  not 
exceeding  3  per  cent.  This  form  of  meter  is  used  chiefly  to 
measure  the  discharge  in  relatively  large  pipes,  where  the  slight 
loss  of  head  necessary  for  purposes  of  measurement  makes  this 
meter  the  only  method  of  measurement  possible.  See  Chapter 
VIII. 

133.  Orifices.  Orifices  are  openings  of  regular  form  inserted  in 
the  sides  or  bottoms  of  channels  or  basins.  They  are  among  the 
oldest  water  measuring  devices,  and  in  principle  are  based  upon 
Torricelli's  theorem.  With  the  cross-sectional  area  of  the  opening 
known,  the  measurement  is  made  by  obtaining  during  a  suitable 
period  of  time  the  exact  difference  in  elevation  between  the  center 
of  the  orifice  and  the  water  surface  above  it;  from  this  differ- 
ence the  velocity  may  be  computed,  and  from  the  area  and  veloc- 
ity the  discharge.  The  actual  cross-sectional  area  of  the  jet  is  very 
materially  modified  by  the  shape  of  the  opening,  by  the  character 
of  the  edge  presented  to  the  water,  and  by  the  head.  For  these 
reasons  the  coefficients  of  discharge  are  rarely  unity,  and  vary  in 
wide  ranges  with  changes  in  the  conditions  ;  but  have  been  very 
well  established  by  a  large  number  of  experiments  for  so-called 
standard,  sharp-edged  orifices  of  small  dimensions,  one  square  foot 
or  less  in  area.  With  such  small  orifices  and  other  conditions  of 
measurement  good,  a  very  high  degree  of  precision  may  be  ob- 
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tained ;  and  the  error  should  not  be  over  one  or  two  per  cent. 
High  precision  requires  thorough  knowledge  of  all  the  exper- 
iments on  which  the  coefficients  are  based  and  exact  application 
to  specific  instances.  For  large  openings,  the  coefficients  avail- 
able can  be  rarely  used  with  confidence,  owing  to  modifying 
conditions,  the  effect  of  which  are  not  well  known.  See  Chapters 
IX  and  X. 

134.  Nozzles.  The  nozzle,  which  is  a  converging  cone  attached  to 
a  pipe,  is  one  of  the  simplest  forms  of  measuring  device,  requiring 
only  a  reading  of  the  pressure  at  its  base  to  determine  the  dis- 
charge ;  and  standard  nozzles,  like  those  of  John  R.  Freeman,  are 
usually  constructed  to  give  very  nearly  the  theoretical  quantity  due 
to  the  head.  They  are  well  adapted  to  measuring  the  flow  under 
pressure  under  a  variety  of  conditions,  at  a  hydrant  or  blow-off  or 
the  ead  of  any  pipe ;  and  may  be  easily  transported,  and  quickly 
set  up.  They  may  be  made  and  calibrated  to  measure  the  dis- 
charge of  pipes  of  moderate  sizes,  perhaps  24  inch  or  less,  with  a 
high  degree  of  precision ;  and  are  peculiarly  well  fitted  for  measur- 
ing the  discharge  of  pumps  and  fire  apparatus.     See  Chapter  XI. 

135.  Weirs.  The  weir  is  a  vertical  rectangular,  trapezoidal  or 
V-«haped  overfall  notch  in  a  dam  or  bulkhead,  used  to  measure  the 
flow  in  open  channels ;  and  from  long  usage  is  perhaps  the  best 
known  and  most  thoroughly  trusted  standard  device  for  measur- 
ing water.  This  very  fact  makes  great  precaution  and  thorough 
study  of  conditions  in  each  case  the  more  imperative.  The  con- 
struction of  a  good  weir  is  relatively  simple ;  but  a  precise  de- 
termination of  the  discharge  requires  a  thorough  knowledge  of  the 
effect  of  the  velocity  of  approach,  and  of  the  coefficients  of  dis- 
charge. The  number  and  range  of  experiments,  upon  which  the 
different  coefficients  of  discharge  are  based,  are  so  limited,  es- 
pecially as  to  head,  that  the  conditions  of  experiment  must  be 
reproduced  with  absolute  fidelity  to  prevent  erroneous  results. 
On  the  other  hand,  where  the  conditions  for  measurement  are 
good,  a  very  high  degree  of  accuracy  may  be  obtained,  which 
should  g^ve  results  well  within  two  per  cent  of  the  truth.  See 
Chapter  XII. 

136.  Float  measurements.  Surface  and  subsurface  floats  in 
^ous  combinations,  and  running  definitely  determined  distances 
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in  an  observed  time,  may  be  used  to  determine  the  velocity  of  flo 
between  two  or  more  consecutive  cross  sections  of  an  open  streantx. 
Float  measurements  are  limited,  to  rivers,  power  and  other  canals, 
and  open  channels  in  general.  The  number  of  published  results 
of  float  measurements  is  very  limited,  and  the  precision  obtain- 
able varies  with  many  factors.     See  Chapter  XIII. 

137.  Current  meters.   The  current  meter  is  a  small  water  wheel 
or  propeller,  revolving  with  the  current,  to  which  is  geared  soxne 
form  of  revolution  counter,  by  which  the  number  of  revolutions 
of  the  wheel  can  be  registered,  and  which  may  be  placed  at  de- 
sired points  in  the  cross  section  of  an  open  channel.     The  meter 
must  be  calibrated  or  rated,  in  order  to  determine  the  relation  be- 
tween the  number  of  revolutions  of  the  wheel  and  the  velocity  of 
the  water  in  the  same  unit  of  time.     The  current  meter,  if  properly 
constructed,  kept  in  rating,  and  skillfully  handled,  will  measure 
the  velocities  of  a  running  stream  with  a  high  degree  of  precision; 
and  it  can  be  used  with  good  results  where  the  cross  sections  of 
the  stream  are  too  irregular  to  allow  the  use  of  any  other  instru- 
ment.    See  Chapter  XIV. 

138.  Measurements  by  cross  sections  and  slopes.  A  very  fair 
estimate  of  the  discharge  in  an  open  or  closed  channel  may  be 
made  if  successive  cross  sections  are  uniform  or  nearly  uniform 
and  the  difference  in  elevation  or  head  between  the  two  sectioas* 
is  known.  This  method  is  merely  the  reverse  process  of  design* 
ing  channels,  and  depends  upon  the  selection  of  coeflficients  based 
upon  experiments  made  under  conditions  which  must  necessarily 
differ  to  some  extent  from  those  of  any  case  under  consideration  5 
and  an  estimate  which  requires  many  unveritied  assumptions  i^ 
necessarily  open  to  criticism.  It  is  very  difficult  to  fix  the  degre^ 
of  precision  possible  in  an  estimate  of  this  kind,  but  the  estimate 
may  well  be  more  than  ten  per  cent  in  error,  even  where  the  con- 
ditions are  pretty  well  known,  and  yet  be  near  enough  to  make 
this  method  extremely  useful  if  due  allowance  can  be  made  in 
advance  to  cover  the  probable  error.  See  Chapters  XV  and 
XVI. 

139.  Water  wheels.  Water  wheeis  of  the  ordinary  reaction 
type,  by  means  of  measured  cfuide  and  bucket  openings,  or  the 
nozzles  of  impulse  wheels,  when  calibrated  and  checked  by  occa- 
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gional  measurements  by  other  methods,  not  only  make  excellent 
water  meters,  but  in  many  water  power  plants  furnish  the  only 
regular  measure  feasible.     See  Chapter  XVIII. 

140.  House  meters.  There  are  many  commercial  meters  for 
measuring  the  use  of  water  by  water  consumers,  which  depend 
for  their  accuracy  upon  an  occasional  test  or  rating  by  the  weight 
or  volumetric  methods.     These  meters  are  usually  of  three  types  : 

(1)  meters  fitted  with  disks  or  vanes  rotating  in  closed  channels ; 

(2)  meters  of  the  positive  displacement  or  piston  type ;  (3) 
meters  like  the  Venturi  meters,  which  depend  upon  observations 
of  the  pressure  at  two  successive  sections  of  different  cross-sec- 
tional area. 

Imtruments.  In  connection  with  the  various  methods  of  meas- 
Qrement  mentioned  in  this  chapter,  engineering  instruments  of 
many  kinds,  both  common  and  uncommon,  are  used  for  making 
tbe  observations.  Such  instruments  as  are  especially  pertinent  to 
hydraulics  will  be  described  in  this  book  in  connection  with  the 
kind  of  work  on  which  they  are  used. 

Problems 

!•  Area  of  a  sand  filter  is  1}  acres.  Depth  of  sand,  IJ  metres.  Effective  di- 
•meter,  0.2  millimetre.  Temperature,  50°  F.  c  =  800.  Head,  0.41  feet.  Com- 
pute the  flow  in  millions  of  gallons  per  day. 

2.  Calculate  the  head  necessary  to  filter  6  million  gallons  per  day  through 
two  successive  layers  of  sand  each  2  feet  thick,  the  lower  having  an  effective 
<iiaineter  of  0.35  millimetre,  the  upper  of  0.20  millimetre.  Temperature,  50"  F. 
^  =  800.    Area  =  4  acres. 

3.  Compute  the  higher  and  lower  critical  velocities  for  straight  smooth  pipes 
^^  i  1,  IJ,  and  2  inches  diameter,  with  water  at  0°  C.  and  20°  C.  Compute  also 
^ne  slopes  corresponding  to  these  velocities. 
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141«  Tha  Pilot  tote.  If  a  tabe  of  glaas  or  smootii  metaU  op 
Mi  both  ends  and  bent  through  90°,  is  held  in  running  water  wi 
one  leg  horfasontal^  parallel  to  the  stream  lines  and  opposed  to  t 
enrrenty  and  the  other  leg  vertical  and  open  at  the  top  (positi 
A9  figure  82)t  the  impaet  of  the  moving  water  will  cause  a  colui 
of  water  to  stand  in  tiie  vertical  leg  at  some  height  h  above  1 
surrounding  water  surface.  This  height  h  depends  upon,  a 
should  theoretically  be  proportional  to  the  square  of,  the  veloc 
(F)  at  the  point  0 ;  the  height  of  the  water  column  F-f  A  is  the 
fore  a  measure  of  the  pressure  head  plus  the  velocity  head  at  1 
point  0, 

Experiments  *  have  proved  that  in  tubes  having  small  poii 
so  shaped  as  not  to  disturb  the  flow,  with  openings  of  cyl 
drical  or  converging  or  diverging  cone  form,  h  very  nearly  equ 

—  •     Therefore  with  such  forms  V=s  (2ghy.     If  h  can  be  me 

ured,  the  velocity  at  any  point  may  be  calculated. 

The  tube  A  is  called  an  impact  tube  ;  tubes  B  and  C  and  D  \ 
intended  to  measure  pressure  head  ('^F")  but  do  not. 

In  1780  Pitot  f  was  the  first  to  use  such  a  device  to  determ: 
the  velocity  of  flow ;  hence  the  name.  His  apparatus  consisi 
of  a  bent  cylindrical  tube  with  one  leg  horizontal  and  its  orii 
opposed  to  the  current,  and  a  straight  vertical  cylindrical  tu 
set  with  its  bottom  opening  at  the  same  level  as  the  orifice  of  ' 
bent  tube  (tubes  A  and  D,  figure  32).     A  being  the  difference 

*  Thircy,  .4iiii.  cf«9  JF\>ii(9  H  Ckaust^^  1858,  1st  semestre ;  Bazin,  Ann. 
I\mf$  H  OMns9hi$^  1890,  IsX  aeniesu^  ;  White,  Journal  Asso.  of  Eng^g,  8oc^ 
m>l ;  On^vry,  Trans,  Am,  Soc.   M,  E.,  December,  1908 ;  WiUiams,  HabbeU, 
F^\kt>)) ;  Ttans.  Am.  Soc.  C.  JP.,  1902. 

t  .V^iN«^ry«  lif  rAcadfmif^  November,  17;^. 
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level  in  the  two  vertical  tubes,  Pitot  assumed  that  V  was  equal 
to  (2(7 A>*. 

This    apparatus  did  not  give  a  true  measure  of  the  velocity- 
bead  A.  liecause  the  vertical  tube  is  not  a  true  piezometer  and  did 


"H  accurately  measure  the  pressure  head  "  F."*  Pitot's  tube 
*aa  in  fact  little  more  than  a  scientific  toy  until  about  1850, 
*^hen  Darcy  made  practical  Pitot  tubes  which  he  and  Baziu  used 
'**  their  experiments  upon  the  flow  of  water. 

142.  Oarcy's  experiments.  Darcy  determined  by  experiment 
^■nat  the  chief  three  difficulties  in  the  way  of  the  practical  use  of 
**itot'8  tube  were  f  as  follows : 

(1)  The  oscillationB  of  the  water  surfaces  in  the  tubes  and  the 
•lialarbances  in  the  stream  due  to  tlie  tubes  make  an  accurate 
measurement  of  the  head  "  A  "  difficult.  If  the  velocity  is  feeble, 
any  differences  in  elevation  may  entirely  disappear. 

To  reduce  oscillations  and  disturbances  as  much  as  possible, 
Darcy  made  the  orifices  much  smaller  than  the  tubes,  the  diame- 
ter of  the  orifices  being  .0015  metre  and  of  the  tubes  .01  metre. 
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(2)  An  observer  looking  at  the  tubes  from  nbova 
easily  measure  with  his  eye  the  differences  of  water  lai 
cially  if  they  are  slight. 

To  facilitate  reading,  Darcy  designed  an  apparatus  i 
in  figure  33.*  Two  vertical  glass  tubes,  one  connecte 
ipact  tube,  the  other  to  the  preaai 
/<i  are  set  parallel  to  each  other  ;  at  (7  1 
unite  in  one  ;  and  at  this  point  is 
At  R  and  I  are  two  valves  both  on  ( 
Between  the  tubes  is  placed  a  gradual 
To  operate,  suction  is  applied  above 
rarefies  the  air  in  both  vertical  legs  ;  ' 
closed,  and  simultaneously  H  and  /.  '. 
'"  are  then  lifted  out  of  the  water  and  rei 
j_  (3)  A  tube  projecting  into  a  streai 
ilireetion  does  not  give  a  true  measu: 
^ct«>nonAB  pressure  head  ■ 
ure  32).  Her 
termine  the 
between  the  ; 
difference  in 
levels  and  the 
a  coefficient  foi 
must  be  deteri 
_  calibration. 
Figure  33  a! 
one  of  Darcy  at 
set  of  tubes. 
recognizing  thi 
ties  of  measur 
sure  head 
manner,  deten 
experiment  th( 
setting  a  bent 
different  positions  in  succession,  in  the  center  of  pipe 
different  diameters  as  follows  : 

(1)  Against  the  current  (Position  A  in  figure  32; 

•  Darcy  and  Bftzin,  Bech(rche»  Hydrattliques.  Part  I,  plaw  U 
t  Moavement  dt  fEiiu  dant  let  Tuyaux,  IBS',  pp.  220-'i'24. 


Sec/io"  (enlorgedl  on  EF 


Fh>.  33.  —  Darcf-Ballil  Htot  Tubes. 
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(2)  In  the  direction  of  the  current  (Position  5). 

(3)  At  right  angles  to  the  current  (Position  (7). 

The  water  levels  in  the  tubes  thus  set  were  compared  with 

a  piezometer  set  flush  with  the  side  of   the  pipe,  and  at  the 

elevation  of  the  pipe  center.     From  twenty-one  experiments  on 

each  setting,  with  velocities  ranging  from  1.4  to  16.3  feet  per 

second,  he  found  the  following  mean  differences  in  level  in  terms 

of  his  computed  center  velocity  F". 

jr2 


A  =  1.07 


-—,    A,  =  .i3  — ;  hf,=  .6S^;  (see  figure  32) 
2ff  JLg  2g 


h  being  in  excess  of  the  pipe  pressure  ;    and  A/  and  A//  being  less. 

143.  Pitot-Darcy  tubes.  At  the  request  of  Darcy,  Baumgarten 
liawi  constructed  and  rated  (in  1855)  three  different  arrangements 
o£  tubes*  described  below, -and  determined  their  coefficients  for 
tise  with  Darcy's  formula  : 

V=  K(_2ffh)K 

A=r  difference  in  feet  in  water  levels  in  the  two  tubes  composing 
tilie  apparatus. 

K=:  the  coeflScient  of  velocity,  i.e.  the  ratio  of  the  actual  velocity, 
'^  the  velocity  computed  as  equal  to  (2ffhy' 

The  tubes  were  rated  first  in  running  water  with  floats  ;  second 
ty  moving  the  tubes  in  still  water  at  a  known  velocity  ;  with  the 
following  results  : 


Description  of  Apparatus 

1.  The  impact  tube  was  directed 
against  the  current,  and  the  other 
at  right  angles. 

2.  Both  tubes  were  directed 
i^inst  the  current,  but  one  was 
closed  at  the  end  and  pierced 
laterally  by  an  orifice  1  millimetre 
in  diameter. 

3-  The  impact  tubewasdirected 
Against  the  current,  and  the  other 
|n  the  direction  of  the  flow,  open- 
^  downstream. 


Method  of  Rating 


With  the  aid  of  floats. 
In  still  water. 


With  the  aid  of  floats. 
In  still  water. 


With  the  aid  of  floats. 
In  still  water. 


Darcy  and  Bazin,  Becherches  Hydrauliques,  pp.  302-^3. 
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With  several  other  tubes,  which  Darcy  himself  constructed, 
obtained  a  coefficient  K=^  1  when  the  pressure  orifice  did  n 
project  into  the  stream,  but  was  simply  an  opening  pierced  in 
copper  tube. 

144.  Bazin's  tube.  Bazin,  in  his  weir  experiments,*  used 
Pitot-Darcy  tube  having  an  impact  orifice  normal  to  the  curren 
and  a  lateral  orifice  opening  without  any  projection  in  a  surfac 
by  which  the  stream  flowed  tangentially.     The  tubes  were  ins( 


D^cipfOrificea 


impact  Otific^ 


Sec f /on  (enlarged) 
an  ab 


Fio.  34.  —  Bazin's  Pilot  Tube. 


Section  (enhrgi 
on  cd 


on  a  thin  board  beveled  to  a  sharp  top  ed^e,  which  Bazin  stat( 
was  similar  to  Darcy's  apparatus.  It  had  a  coefficient  ^equ 
to  1.     See  figure  34. 

145.  Mills's  experiments  upon  piezometers.  Hiram  F.  Mills 
published  in  1878  the  results  of  some  six  thousand  observatio] 
made  with  extraordinary  accuracy  to  determine  the  proper  for 
of  piezometer  orifice.  With  twenty-two  openings  varied  in  shaj 
and  direction  and  a  range  of  velocities  from  0.6  to  8.9  feet  p< 
second,  he  found  that  with  an  orifice  whose  edges  are  in  the  pUu 
of  the  side  of  the  channel  and  passage  normal  thereto,  the  piezomet 
column  will  stand  neither  above  nor  below  the  surface  of  the  streai 
but  will  indicate  the  true  height  of  the  water  surface  in  an  op< 


♦  Ann.  des  Fonts  et  ChausseeSf  1800,  1st  semestre,  p.  54. 

t  Chief  Engr.  Essex  Co.,  Lawrence.     Trans.  Am.  Academy  of  Science j  1878. 
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nnel  or  the  pressure  in  a  closed  channel ;  but  if  the  passage  ia- 

BiiiM  Bitljer  upstreiim  or  downatreani,  nr  the  edges  of  the  orifice 
Tirojrct  IwynnJ  the  plane  of  the  side,  the  true  height  of  the  surface 
orihetrue  pressure  will  not  he  indicated. 

I  146.  Conclusions  from  various  experiments.  From  the  experi- 
^■MUU  menlioii«:tl  aLiove,  and  from  later  American  experimeots  of 
^Hihile,  *  Gregory,  f  Williams,  f  and  others,  it  is  concluded : 
^H  (1)  That  with  almost  any  form  of  small  circular-impact  orifice 
and  ii  presaure  orifice  at  right  angles  to  and  flush  with  a  surface 
parallel  lo  the  stream  flow,  the  differences  in  level  in  two  vertical 
I^Jnbea  coanected  to  these  orifices  is  very  nearly  the  head  due  to 
■Uoeity. 

^H{2)  That  the  coeflicient  A*  of  a  given  tuhe  is  constant  for  all 
^^dwities. 

(3)  That  relatively  slight  inaccuracies  in  pointing  the  piezom- 
et«r  orifice  may  result  in  considerable  errors ;  for  this  reason  there 
i*.  under  certain  conditions  of  use,  difficulty  or  uncertainty  in 
measuring  the  pressure  bead.  A  bent  tube  with  its  orifice  point- 
ing directly  downstream  (position  B,  figure  32)  may  often  be  used 
[oiulvHntage  instead  of  a  true  piezometer ;  because,  although  the 
ight  nf  the  column  of  water  which  will  rise  in  such  a  tube  will 
I  less  than  the  true  pressure  head  (  F},  it  will  have  a  regular 
utiuD  to  the  velocity  head ;  and  because  the  apparatus  is  not 
ywasitive  to  deviations  in  pointing.  Such  a  tube  combined 
n  itn  impact  tube  is  called  a  pitometer ;  the  coefficient  Koi^ 
jtotneter  is  considerably  less  than  1. 
JO)  That  in  measuring  velocities  in  a  jet  of  water,  only  an  im- 
^t  tube  is  required ;  and  its  coffieient  may  be  taken  as  1. 

(■>)  That,  especially  in  measuring  low  velocities,  some  form  of 
Qifiereiitial  gauge  is  required  in  order  to  magnify  the  diEFerences 
"f  wiiter  levels  in  the  two  tubes  so  that  they  can  be  read  (§  45). 

f'')  That  all  forma  of  tubes  must  be  rated  to  determine  the 
(^efficient  K,  and  to  test  the  accuracy  of  construction,  and  periodi- 
'^"y  rerated  to  detect  effects  of  wear. 


1*7,  Rating  Pitot  tubes. 

"^eii  successfully  rated  by  n 


Rating  in  still  water.     Tubes  have 
living  tliem  in  still  water  at  a  known 
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speed,  the  velocity  T'  at  whicli  iLe  tube  is  moved  through  the 
water  in  feet  per  secoad,  being  assumed  to  have  an  effect  in  pro- 
ducing head  (A)  equivalent  to  an  equal  velocity  of  running  water. 

Therefore  K=  — ^. 

Rating  in  running  water.  Present  practice,  however,  favors  a 
rating  in  moving  wiiter  under  conditions  as  nearly  aa  possible  like 
thoae  in  which  the  measurement  of  flow  is  to  be  made.  Readings 
of  head  A  are  taken  at  the  center  of  subdivisions  of  equal  area  so 
spaced  as  to  give  a  complete  traverse  of  the  channel,  and  from 
these  the  values  of  velocities  due  to  the  heads.  As  £"  is  inde- 
pendent of  velocity,  the  uncorrected  mean  velocity  (F^)  may  be 
taken  as  the  arithmetical  mean  of  all  these  velocities. 

The  actual  discharge  Q  is  measured  during  the  period  of  obsei- 
vation  by  volume,  weight,  or  by  another  calibrated  measuiing 
de\'ice. 

The  theoretic  discbarge  (Q,')  equals  the  mean  velocity  (V^) 
multiplied  by  the  cross-sectional  area  (4)  of  the  stream  or  jet. 

Therefore  the  actual  discharge. 


Q=Kr„A;  and  if = 


Q 


148.  Determination  of  discharge.  The  discharge  is  determined'! 
as  follows:  (1)  all  the  apparatus  is  tested  to  determine  its 
accuracy;  (2)  calibrations  are  made  to  determine  the  area  of  the 
cross  section  of  the  stream,  which  should  be  subdivided  into  parts 
of  equal  or  convenient  area,  in  pipes  most  readily  by  circles , 
(3)  the  apparatus  should  be  set  at  the  desired  point  in  the 
stream  (for  closed  channels  insertion  is  made  through  a  stuffing 
box  set  in  a  corporation  cock  set  in  the  pipe)  ;  (4)  the  tubes  are 
connected  to  the  gauges  either  by  stiff  rubber  or  metal  pipes; 
(5)  the  difference  A  between  the  water  level  in  the  two  tubes  is 
observed;  (6)  the  velocity  is  determined  for  each  observation 
as  equal  to  (2^^)^.  and  the  mean  velocity  V„  in  the  stream  is 
taken  as  the  arithmetical  mean  of  all  the  computations ;  (7)  the 
discharge  is  computed  by  multiplying  the  cross-sectional  area 
of  the  stream  by  mean  velocity  V,„,  corrected  by  K.      Therefore, 

Q  =  KV„A. 
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149.  The  pitometer.  The  most  recent  form  of  the  Pitot  tube  is 
culled  the  pitometer,*  See  figure  35.  It  consists  of  a  rod  meter, 
and  a  differential  gauge  with  suitable  connections  to  which  may 
be  added  either  a  revolving  drum  with  paper  for  manually  record- 
ing observations,  or 
a  photographic  ap- 
paratus for  auto- 
matic continuous 
records. 

The  roil  meter 
consists  of  a  brass 
sheath  of  flat  oval 
cross  section  con- 
taioiug  two  |-iDcb 
brass  tubes,  each  ter- 
minating in  a  curved  phosphor-bronze  orifice  with  a  cutwater. 
See  figure  36.  When  in  use  one  orifice  points  against  the  cur- 
rent, the  other  with  the  current,  both  tubes  parallel  with  the 
current.  For  insertion  the  tubes  are  set  in  collars  which  allow 
them  to  be  rotated  through  180°. 

The  differential  gauge  used  for  measuring  the  difference  in 
pressure  in  the  two  tubes  is  a  glass  U-tube  half  filled  with  a  mix- 
ture usually  of  carbon  tetrachloride  and  gasoline  having  a  specific 
gravity  usually  of  1.25  to  1.50  and  colored  dark  red.  When  in 
use  water  fills  the  remaining  spaces.  Thus  the  difference  in 
pressure  in  the  two  tubes  is  magnified  according  to  the  specific 
gravity  of  the  red  liquid.  Velocities  as  low  as  .5  foot  per  second 
may  be  measured.     (See  differential  gauges.  Chapter  II,  §  45.) 

The  coefficient  (JS^  of  this  instrament  has  been  established  as 
a  constant  equal  to  .84. 

The  formula  for  velocity  therefore  becomes : 
r-Kiig(,'-l)d]i. 
>'  =  the  specific  gravity  of  the  heavier  liquid. 

It  used  under  varying  temperatures,  the  specific  gravities  of  the 
tetrachloride  as  well  as  of  the  water  will  change,  and  fur  high 
precision  must  be  corrected. 

■  Developed  by  John  A.  Cole  and  Edwaril  8.  Cole,  and  ovined  by  the  P 
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Ifjr».84,andf^  =  1.25, 


J  =  .84  r^^^*  =  3.368  (d)*' 


i=  deflection  of  the  tetrachloride,  or  the  difference  in  eleva- 
tion in  feet  between  the  tops  of  the  two  columns  of 
the  tetrachloride. 

The  photopitometer  consists  of  a  portable  box  in  which  a 
drum  carrying  Velox  paper  revolves  before  a  fine  vertical  slit 
Justin  front  of  which  is  locked  one  leg  of  the  U-tube.  The  rays 
of  light  are  partly  intercepted ;  and  as  the  liquid  rises  and  falls  a 
line  or  band  of  shades  is  recorded  on  the  sensitive  film.  The 
record  of  the  pressure  head  in  the  pipe  is  also  superimposed  on 
the  film  by  means  of  a  movable  finger  operated  by  a  gauge  hav- 
ing an  independent  piezometer  connection  with  the  pipe ;  or  the 
height  of  the  heavy  liquid  in  both  tubes  may  be  recorded.  By 
scaling  the  ordinates  the  velocity  may  be  computed  at  any  time ; 
and  furthermore,  the  chart  gives  a  graphic  record  of  all  changes  in 
rate,  which  may  at  times  be  more  useful  than  the  absolute  deter- 
mination of  discharge. 

150.  Gauging  flow  in  a  pipe  by  a  pitometer.     The  traverse.     As 

the  pitometer  measures  only  deflections  due  to  the  velocities  at 
the  point  where  the  orifices  are  placed,  either  a  number  of  point 
measurements  must  be  made,  or  a  ratio  established  between  the 
Telocity  at  the  point  measured,  generally  the  center  of  the  pipe, 
and  the  mean  velocity  of  the  entire  cross  section.  With  a  con- 
stant rate  of  flow  the  velocity  will  vary  from  point  to  point  in 
the  stream,  gradually  increasing  from  the  walls  of  the  pipe  toward 
the  center.  The  mean  velocity  may  be  obtained  as  the  arithmet- 
ical mean  of  observations  made  at  the  center  of  rings  of  equal 
value;  but  for  convenience  it  is  customary  to  divide  the  area  into 
a  center  circle  and  three  or  four  rings  of  dimensions  which  exi)e- 
rience  has  shown  to  be  convenient.  These  occasionally  have  to 
^  varied  if  the  traverse  shows  a  distorted  curve.  Table  VIII 
shows  the  usual  subdivision  for  a  traverse,  and  the  correspond- 
ing areas. 

^e  velocity  curve.     The  deflections  may  be^  \ 

during  observations  on  a  paper  stre* 
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TABLE  VIII 
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wards  on  cross-section  paper  and  a  mean  curve  drawn  through 
these  points.  From  the  deflections,  the  velocities  may  be  com- 
puted and  a  velocity  curve  plotted,  and  from  this,  the  mean 
velocity  scaled  for  any  desired  ring. 

The  "  pipe  coefficient"  The*  mean  velocity  for  the  whole  pipe 
section  is  the  total  of  these  ring  volumes  divided  by  the  area  of 
the  pipe  as  shown  on  the  diagram,  figure  37.  The  mean  velocity 
divided  by  the  center  velocity,  as  read  from  the  curve,  is  the  pipe 
coefficient,  or  "  decimal."  This  coefficient  must  be  obtained  either 
with  a  constant  center  velocity  *  or  from  many  previous  observa- 
tions on  the  same  pipe  ;  once  determined  for  a  given  pipe  and 
given  conditions  of  lining,  it  may  be  taken  as  practically  constant 
for  all  velocities. 

Discharge.  The  mean  velocity  of  each  ring  in  feet  per  second 
multiplied  by  the  area  of  the  ring  in  square  feet  gives  the  ring 
volume  in  cubic  feet  per  second.  The  total  discharge  is  the  sum 
of  the  ring  volumes  of  flow. 

Uxample.      The  following  diagram  (figure  37)  and  computa- 
tions illustrate  the  usual  method  of  computing  discharge. 

Dkflection  and  Velocity  Curves  from  24-inch  Supply  Main 


Riiro 

Ring 
Areas 
.     8q.  Ft. 

Ring 

Velocity 

Ft.  per.  Sec. 

Ring 
Volumes  of 
Flow 
Cu.  Ft.  per.  Sec. 

A 
B 
C 
D 
E 

.502 
.873 
.698 
.720 
.349     • 

1.57 
1.87 
2.05 
2.18 
2.24 

.788 
1.632 
1.431 
1.570 

.781 

3.142 

6.202      Total  discharge 
of  pipe. 

Discharge  of  Pipe  _  6.202 
Area  of  Pipe      ~  3.142 


=  1.97  Mean  Velocity. 


Mean  Velocity  __  V 
Center  Velocity  ~  Vc 


1  97 

J^  =  .879  =  Pipe  Coefficient. 


«  In  detennining  the  coefficient  an  auxiliary  pitometer  is  frequently  placed  in 
tandem  to  indicate  the  center  yelocity,  while  the  traverse  is  being  made. 
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151.  Deflection  and  velocity  curves  for  several  pipes  taken  from 
observations  are  sLona  in  figure  38  ;  all  the  pipes  liere  shown  had 
been  in  service,  some  for  many  years  at  the  time  of  measurement. 
Figure  112,  Chapter  XV,  also  shows  a  set  of  velocity  curves. 

152.  Continuous  measurements  of  discharge.  Having  deter* 
mined  the  "pipe  coefficient,"  the  tubes  may  be  fixed  with  the 
orifices  at  the  center  of  the  pipe,  and  the  observed  center  velocity, 
at  any  rate  of  dow,  may  be  reduced  to  mean  velucity  hy  this  pipe 
coefficient. 

153.  Application.  The  pitoraeter  may  be  used  to  measure  the 
velocity  and  hence  the  volume  of  flow  either  in  open  or  closed 
channels  without  interfering  with  the  use  of  the  channel,  with 
relatively  small  expense  for  installation  and  operation.  It  has 
proved  its  value  in  detecting  ivaste  or  misuse  of  water  in  street 
mains  and  other  channels  and  where  changes  in  rates  of  flow  are 
significant,  and  in  measuring  the  slip  of  pumping  engines.  In 
using  these  meters  in  old  pipes,  ample  allowance  due  to  reductions 
of  area  due  to  incrustations  must  be  made ;  and  the  certain  change 
in  the  distribution  of  velocities  due  to  incruatationa  and  rough- 
ness must  be  provided  for.  Where  jmssible,  a  number  of  point 
measurements  of  the  velocity  will  produce  a  higher  degree  of 
accuracy  than  the  single  observation  at  the  center  and  the  use  of 
the   pipe  coefficient. 
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FiQ.  38.— Diagrams  of  Actaal  Pitometer  Trayeraes  Id  Old  Pipes. 
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Problems 

1.  If  the  specifie  gravity  of  carbon  tetrachloride  in  a  differential  gange  it 
1^,  oompnte  for  a  pitometer  the  theoretic  velocities  in  feot  per  aeoond  com- 
gponding  to  the  following  deflections  in  inches : 

.5  1.0  4.0  8.5 

Also  for  same  deflections  when  specific  gravity  is  1.5. 

2.  The  cross  section  of  a  42-inch  pipe  is  divided  by  concentric  rings  into 
5  equal  areas.  A  Pitot  tnbe,  inserted  at  the  center  of  each  section  in  snocession 
gave  the  following  differences  between  Uie  heights  of  water  in  the  impact  and 
pressure  tubes,  starting  from  the  top  and  going  down. 

1.238",  1.885",  2.82",  2457",  2.88",  2.59",  2.11",  1.79",  0.24". 

The  coefficient  of  the  pitometer  is  .84.  Find  the  mean  velocity,  plot  the 
velocity  curve  to  scale,  and  determine  the  pipe  ooefficient  and  discharge. 

3.  A  pitometer  is  set  with  its  orifices  at  the  center  of  a  pipe.  The  water 
level  in  the  impact  tube  is  at  elevation  123.7  feet,  in  the  pressure  tube  at  128 
feet,  both  measured  &om  iftme  datum  plane.  Calculate  the  mean  velocity  of 
flow  in  the  pipe.    K  is  .84  and  the  pipe  coefficient  is  .85. 

4.  A  pitometer  is  set  with  its  orifices  at  the  center  of  a  16>inch  pipe.  Com- 
pute the  discharge  in  gallons  per  minute  for  each  of  the  following  deflections 
of  the  differential  gauge  containing  carbon  tetrachloride,  (a)  when  its  specific 
gravity  is  1.25,  (6)  when  its  q>ecific  gravity  is  1.50.  Defiections,  2,  9,  and  18 
inches.    Pipe  coefficient  is  .88. 

5.  Traverses  of  a  10-inch  pipe  made  with  a  pitometer  at  two  different  times 

gave  the  foUowiug  deflections  in  inches  of  tetrachloride  (if  specific  gravity  is 

1.50): 

ABC 

(a)  0.8        1.19        1.55 

(6)  2.64      3.92         5.10 

The  points  of  observation  were  midway  between  concentric  ring^s  spaced  as 
in  Table  VIII,  beginning  at  the  top  of  the  pipe. 

Draw  deflection  and  velocity  curves,  compute  the  discharge,  and  determine 
the  pipe  coefficient  for  both  sets  of  observations.     K  is  .84. 


D 

E 

D 

C 

B 

A 

1.74 

1.90 

1.84 

1.67 

1.41 

1.10 

5.57 

5.93 

5.89 

5.40 

4.50 

3.70 
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154.  The  Venturi  meter.  The  Yenturi  meter  is  a  practical 
application  of  Bernoulli's  theorem  to  the  measurement  of  water 
flowing  in  pipes  under  pressure.  Two  truncated  hollow  cones 
are  inserted,  as  shown  in  figure  39,  in  a  line  of  pipe  having  the 
same  internal  diameter  as  the  base  of  the  cones. 


Fio.  99.— Longitadinal  Gross  Section  of  a  Venturi  Meter. 

155.  Let  the  diameters  of  the  pipe  in  feet  at  A  be  D^,  at  B  be 
i>6.at(7be  A; 

The  corresponding  areas  be  A^,  -4^,  A^^  in  square  feet ; 

The  velocities  in  feet  per  second  at  A  be  F^,  at  B  be  Fi,  and  at 
Cbe  V,; 

The  pressure  heads  in  feet  measured  from  the  center  of  the  pipe 
at  i  be  A^  at  -B  be  A^,  and  at  (7  be  A^. 

The  upstream  section  at  A  is  called  the  "  inlet,"  the  section  at 
S  is  called  the  "  throat."  The  section  at  C  is  the  same  area  as  at 
^'  The  pipe  is  filled  with  water  flowing  in  the  direction  of  the 
arrows,  that  is,  from  A  to  C. 
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Since  the  same  quantity  of  water  is  passing  through  both 
inlet  and  the  throat,  and  since  the  area  at  B  is  smaller,  the  velo 
at  B  is  greater  than  at  A ;  but  as  they  have  a  constant  relation 
any  single  meter,  depending  upon  the  ratio  of  the  two  are? 
simultaneous  observation  of  the  pressure  heads  at  the  inlet 
throat  provides  a  method  of  determining  the  velocity  at  the  th 
(and  also  at  the  inlet),  and  from  the  velocity  and  areas  the 
charge. 

The  foijnula  for  the  discharge  through  a  Yenturi  meter  is 
rived  as  follows : 

Let  Q  =  actual  discharge  in  cubic  feet  per  second ; 

h),'  =  the  lost  head  between  A  and  B  in  fluid  friction, 
changes  in  velocity, 

By  Bernoulli's  theorem,  the  meter  being  set  level, 


7  ^9      n  ^9 


But  Q  =  A,V,^A,V,^A,V,. 

Then  A,W,^^A,W,^',  and  r,2=^^  =  =^^. 

Substitute  the  value  of  V^  from  (3)  in  (1)  and  transpose ; 

From  (4)  l\  =  —^l [2  g (A„  -  A»  -  A,')]i. 

And  Q^A,V,  =  j^^^^±-^^[2giK-h,-h.')f. 

Since  in  the  ordinary  use  of  the  meter  h^  can  not  be  measu 
its  effect  may  be  and  usually  is  included  by  the  use  of  a  coeflBc 
of  discharge  C, 

Let  ha—  hf,  =  H, 

Then  Q=^C      '^'^^^"^    ,(2^g)*. 

Note.     If  h^  is  less  than  atmospheric  pressure,  a  not  infrequent  occurre: 


4    \B^-\) 

Q  =  OKB.^M  *. 

8                   2J 

2 

1                    1 

1 

6.838              6.881 

6.605 
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Formula  (7)  may  be  simplified  for  use  with  meters  which  have 
a  given  ratio  of  throat  and  inlet  diameters. 

Let  this  ratio  »  =  :^ . 

A' 

and  let  ^==^(,^^/-  («> 

Then  Q  =  OKD.^H^.  (9) 

Values  of  R 
Values  of  K 

156.  The  value  of  C.  The  coeflBcient  C  varies  with  the  velocity 
at  the  throat,  the  ratio  of  the  diameters  at  inlet  and  outlet,  and  the 
actual  dimensions  of  the  meter.  As  meters  are  ordinarily  con- 
stracted,  the  coefficient  (7  is  between  .97  and  1.0. 

In  Table  IX  (page  118)  are  given  experimental  values  of  O. 

The  total  loss  of  head  in  a  Yenturi  meter,  that  is,  the  lost  head 
between  A  and  C7,  is  relatively  small  as  compared  with  other  types 
of  water-meters. 

In  Table  IX  are  given  experimental  values  of  the  lost  head  for 
corresponding  velocities. 

157.  Invented  by  Clemens  Herschel.  In  1836-1888*  Clemens 
Herschel  invented  this  meter,  established  its  scientific  and  com- 
mercial value,  and  named  it  after  an  Italian  hydraulician  who  had 
discovered  its  principle. 

When  first  used  the  pressures  were  observed  by  piezometers  or 
manometers ;  and  the  meter  could  therefore  be  operated  only  when 
continued  observations  were  possible,  and  now  is  frequently  so 
^ised, especially  in  laboratory  work;  in  1892-1894  the  engineers 
of  the  makers  f  of  the  meter  devised  a  calculating  machine  or 
register  driven  by  weights  to  indicate  the  total  flow  on  a  direct 
'^ing  dial,  and  record  the  rate  of  flow  on  a  chart.  Figure  40 
shows  the  general  appearance  of  the  outside  of  a  meter  tube ;  the 
distance  A-B  is  usually  about  \  B-C.     The  tube  is  usually  made 

♦  Trans.  Am,  Soc.  C.  E.  1887,  Vol.  17,  p.  228  et  seq, 
t  Builders  Iron  Foundry,  Providence,  R.I. 
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TABLE  IX 

WixnmmmnAL  Tautss  of  C  fchi  Ckktaiv  YnrrvBi  Mbtxbs.     Ezr 
lOBVTAi.  Di«SBifiVATiOK0  OF  L08T  Bmad  OJ  ih  Ckbtaiv  Yxim 

MSTKBi 

T«loeitiM at  tlnoat  in  foet  per  teoond: 

5      to      15       90      25      80      85      40      45      00       65 

BsptrioMnto  of  C^Imt  &  Sferkklaad.  rraiM.  Cim.  5.  C.  ^^  1902 :    . 
Are*  of  tba  tlinNi%  .OOOTfiT  sqiiftre  feel. 
BaHo  of  thioftt  area  to  inlet  are%  1  to  18.3. 

•O  IM     .lOS    MO    M2    Snb    MB    .9eO    .955     i)54 

•A^.  .29      ^       1^     2.1      2^      8J^     i.4      6Ji      7.1     12.8 

Ezperimente  of  Man,  Wing,  and  Hoekins,  TVamt.  Am.  Soe.  C.  E^  1898: 
^  Ogden  Vfntafi  on  54-inch  pipe. 

Area  of  ^  tbroafe,  ZJMt!  eqoaie  feet 

Ratio  of  throat  area  to  inlet  area,  1  to  4.48. 

C   fnmielied  by  makere  of  inetramente. 
^h^   M      M     M      M 

Bxperimenti  of  Cleniene  Hersohel,  Tram.  Am.  Soe,  C,  E^^  1887: 
Yentiirl  on  a  12-inoh  pipe. 
Area  of  the  throat,  0.08884  square  feet 
Ratio  of  throat  area  to  inlet  area,  1  to  9  (practically). 

XC  .934    .982     .988     .989     .991     .992    .993   .995    .997    .999 
X\    .06      .27      .57      .98     1.47    2.11    2.88    3.80    5.06    8.20 

Venturi  on  a  108-inch  pipe. 

Area  of  the  throat/ 7.074  square  feet. 

Ratio  of  throat  area  to  inlet  area,  1  to  8  (practically). 

XC  .085    .980     .975    .969     .966     .959    .954 
tA^     .(H      .19       .39      .70    1.08    1.53    213 

Venturi  on  a  48-inch  pipe. 

Area  of  the  throat  not  stated. 

Ratio  of  throat  area  to  inlet  area,  about  1  to  4.& 

§  C  .998    .996     .991    .984    .980 
$A^    .04      .16      .34      .62    1.00 

*  Theee  raluM  hare  been  interpolated  from  cuire  plotted  from  results  of  al 
e\tH>riaienUk 

t  Theee  nduee  the  mean  of  lossee  shown  by  two  meters,  interpoLated  from  cu 
ploUed  from  reeult«  of  above  exvx«riment;». 

)  Vaiuee  of  C  and  A^^  taken  from  diagram  accompaxiTing  above  paper. 

$  I1ie<«»  Taluee  taken  ftom  curve:  Plate  III.  lis  Exp^triments^  Uerschel,  1 
p.i^ 
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of  fast  iron  with  bronze-lined  throat.     Meters  have  been  built  of 
concrete  with  metal  liniugs.   Pressure-chambers  (piezometer  rings) 

surround  the  upstream  end  aud  throat,  aud  pressure  pipes  lead 

tLfrefrom  to  the  manometer  or  register. 


I  r/pjjtzi?  Pressure 

L         0>i»ber  Crtamber 

^L  Fio.  40.  — TeDturiMemc. 

^f  158.  Ratio  of  inlet  and  throat.  In  Herachers  first  meter  the 
I'  niiu  of  inlet  and  throat  diameters  was  3  to  1,  the  areas  being 
consequently  9  to  1,  With  this  ratio  the  pressure  at  the  throat 
is  likely  to  be  less  than  atmospheric;  thus  producing  a  positive 
cokmn  of  water  at  the  inlet,  and  a  suetiou  at  the  throat.  This 
required  certain  additional  corrections  in  compntation,  aud  a  per- 
(ecliy  air-tight  connection  from  the  throat ;  matters  easily  managed 
in  laboratory  work  but  somewhat  troublesome  in  practical  installa- 
tiuiis.  These  meters  should  be,  and  are  usually,  designed  to  make 
'will  \  aud  it  greater  than  atmospheric  pressure.  This  generally 
requires  a  smaller  ratio  of  diameters  than  3  to  1,  depending,  how- 
ever, upon  the  diameter  of  the  pipe,  the  pressure  in  the  pipe,  and 
liie  rate  of  flow. 

15S,  Setting  up  and  reading  the  Venturl  meter  manometer.  A 
prewiire  pipe  not  less  than  |  inch  inside  diameter  is  rim  from  valve 
A  In  tbe  "  upstream  "  or  inlet  pressure  chamber  of  meter  tube,  also 
asimilar  pipe  from  valve  B  to  the  throat  pressure  chamber.  These 
pip«8  should  be  preferably  of  lead,  brass,  or  lead-lined  iron  or  tin- 
lined  iron,  and  should  be  connected  at  the  sides  of  the  pressure 
chambers,  not  at  the  top  or  bottom.  A  valve  or  corporation  cock 
slionld  be  placed  in  each  pipe  close  to  the  meter  tube,  so  that  if 
in  nccident  occurs  to  the  pipe  the  water  can  be  shut  off.  The 
pipen  should  be  laid  on  a  slight  grade,  which  may  be  either  upward 
■^downward,  but  there  must  be  nosmnmits  where  air  can  collect  and 
^Bpct  the  pressures.     It  is  very  necessary  that  there  be  unbroken 
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coliiruna  of  water  from  the  meter  tube  to  tlie  mercury  in  the  mi 
notueter.  These  preBSure  pipes  should  be  as  short  and  direct  i 
^  f^  possible.     Figure  41  shov 

a  manometer.  Figure  A 
shows  a  meter  with  regi 
ter  •  and  recording  attac 
meat. 

The  manometer  ghou 
be  filled  about  half  fu 
of  mercury  by  iinscrewii 
one  of  the  air  chambers  ai 
inserting  a  small  funnel. 

The  air  valves  C  and 
are  for  the  purposes 
drawing  off  any  air  tfc 
might  collect  in  the  i 
chambers.  The  by-pi 
cock  is  for  tlie  purposs 
equalizing  the  me  ret] 
levels  and  thus  determ: 
ing  whether  there  is  a 
air  in  either  pressure  pip 
It  may  also  be  opened 
cause  a  circulation  • 
water  through  the  tn 
pressure  pipes  for  the  pti 
pose  of  cleaning  thett 
At  other  times  this  by-pas 
should  be  kept  closed. 

The  drain  valves  E  an 
F  are  for  the  purpose  < 
icidentallv  be  blown  ot« 


£/-^b^  Cad 


Tio.  *1.—  Moreory  Main' 


draining  off  any  meriniry  that  may  i 

by  an  excessive  presaure  in  one  of  the  pressure  pijws. 

The  glasa  tubes  are  |  inch  outside  diameter  and  36  inches  lonj 
8»-t  in  rulilHT  gaskets. 

Determination  of  difference  of  head  S  by  the  manometer.     Tt 
aliding  >;m<Iuatud  ai-iili-  is  set  with  its  zero  at  thi-  top  uf  the  lowi 

*  For  ft  jMciiptlon  of  U>e  nginor  uid  rx]<lBi»tioD  uf  iu  Horkiog  see  Joum 
FKinllMn  /NJMtMr,  Vol.  HT,  p.  n». 
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n  of  mercury  und  the  reading  gives  the  difference  in  pres-  -j 
iches  of  mercury.  This  difference  multiplied  by  the  i 
constant  ratio  1.133  for  reducing  ' 
inches  of  mercury  to  feet  of  water 
gives  H  in  feet  of  water,  from 
which,  by  formula  (7),  the  rate 
of  discharge  at  the  instant  of  ob- 
servation may  be  computed. 

160.  Application  of  the  Venturi 
meter.  The  meter  can  be  made 
for  pipes  of  any  diameter;  and 
the  precision  of  results  obtained 
is  independent  of  the  size.     The 


S 


ReKUtei. 

Altera  list  tbe  following  sizes,  designated  by  the  inside  diameter 
"■  in  inches,  as  shown  in  figure  40:  2,  3,  4,  5,  6,  and  by  2  inches 
'Jitirement  up  to  60. 

Tlie  capacity  in  U.  S.  gallons  per  24  hours  varies  from  4000 
fot  liiB  2-inch  to  117,000,000  for  the  60-ineh.  The  2-inch  meter 
tube  weighs  about  50  pounds,  and  the  60-inch  about  58,000 
pounds.  Smaller  sizes  than  2-inch  are  in  use,  and  much  larger 
thnji  60-inch  up  to  108  or  120  inches.  The  common  sizes  are  6  to 
•'O  inches. 

Experience  has  shown  that,  with  the  register,  continuous  meas- 

'ir^ments  have  been  made  with  an  error  not  exceeding  2  per  cent.    In 

laboratory  exi)eriment8  with  mercury  columns  to  measure  the  head 

I         9t  inlgt  and  throat,  rates  of  flow  may  be  determined  with  an  error 
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the  points  A  and  O  (figure  39)  is  so  little  that  the  insertion  of  a 
meter  in  the  mains  of  a  water  supply  system  is  rarely  objection- 
able; and  it  may  be  used  in  high  pressure  power  plants.  It  is 
frequently  utilized  in  water  and  sewage  filters  to  regulate  the 
rate  of  filtration.  Its  chief  use  is  in  street  mains,  in  measuring 
liquids  heavier  or  lighter  than  water,  and  in  filter  control. 

Problems 

1.  The  following  results  were  obtained  by  experiments  on  a  Venturi  meter ; 
diameter  of  inlet  =  3.92  inches,  diameter  of  throat  =  1.32  inches,  (a)  Run  of 
15  minutes :  52,042  pounds  of  water  discharged ;  pressure  at  iulet,  +  55  pounds 
per  square  inch ;  and  at  throat  —  10.3  pounds  per  square  inch.  (6)  Rim  of  ten 
minutes :  weight  of  water  =  22,057  pounds ;  inlet  pressure  =  -f  14  pounds  per 
square  inch,  and  throat  pressure  =  —  12.86  pounds  per  square  inch.  Gauge  at 
inlet  in  both  experiments  was  16  inches  above  the  center  line  of  the  pipe. 
Determine  C. 

2.  In  a  Venturi  water  meter,  of  which  the  coefficient  of  discharge  is  .96, 
the  larger  diameter  is  2\  feet  and  the  smaller  1  foot,  the  heads  are  +  132  feet 
and  +  11  feet.     What  will  be  the  discharge  in  gallons  per  minute? 

3.  The  ratio  of  the  areas  of  the  throat  and  inlet  areas  of  a  Venturi  water 
meter  are  as  1  to  9.  The  larger  pipe  is  18  inches  in  diameter.  What  is  it^ 
smaller  diameter,  and  its  discharge  in  cubic  feet  per  second,  if  the  coefficient  of 
discharge  is  .98,  and  the  head  on  larger  end  is  66  feet,  on  smaller  end  is  —  15 
feet  ? 

4.  The  water  level  in  the  piezometer  tube  at  the  inlet  (6  feet  diameter)  of  a 
Venturi  meter  stands  49  feet  above  the  center  of  the  pipe.  In  the  throat  (2  feet 
diameter)  the  piezometer  shows  a  negative  reading  of  15  inches  of  mercury. 
I  i  the  actual  equals  the  theoretic  discharge,  how  many  gallons  per  day  will  be 
delivered? 

5.  The  discharge  through  a  Venturi  meter  is  810  gallons  per  minute; 
diameter  of  pipe  is  12  inches.  Ratio  of  diameters,  2  to  1.  Pressure  head  at 
entrance  is  21.4  feet.  Find  velocity  at  inlet  and  at  throat,  and  pressure  head 
at  throat.     C  is  .99. 

6.  Diameter  of  larger  pipe  in  a  Venturi  meter  is  3  feet;  smaller,  1  foot. 
Heads  are  110  feet  and  —  3  feet.  Discharge  is  65.7  cubic  feet  per  second. 
What  is  coefficient  of  discharge  ? 


CHAPTER  IX 


Obificbs  in  a  Thin  Wall 
X61.  An  orifice  is  an  opening ;  in  hydraulics  an  opening  of 
some  regular  geometric  form  used  in  measuring  the  flow  of 
w-ater.  The  use  of  the  term  "orifice"  is  commonly  limited  to 
c>p«Diugs  pierced  in  relatively  thin,  flat,  stiff  walls  of  metal,  wood 
or  maaonry ;  but  actually  includes  mouthpieces,  short  tubes,  noz- 
zles, gates,  sloices,  and  other  openings,  even  those  in  which  the 
distance  from  inlet  to  outlet  is  considerable. 


Fio.  43.  —  A  Vertlc*]  ClroiUw  Orifice. 

A,  vertical  orifice  is  one  set  in  a  vertical  plane.     Figures  43  and 
^^  represent  a  circular  and  a  rectangular  vertical  orifice. 

'^  horizontal  orifice  is  one  set  in  a  horizontal  plane.     Figure  4S 
^presents  a  horizontal  orilice. 

.     l62.   Homenclatnre.     The  following  nomenclature  will  be  used 
***  dbcussing  orifices  of  all  kinds. 
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L  =:  breadth  in  feet  of  a  rectangular  orifice. 

0  =:  height  in  feet  of  a  rectangular  orifice. 

d  =  the  diameter  of  a  circular  orifice  in  feet. 

a  =  area  of  an  orifice  in  square  feet. 

A  =  area  of  the  channel  of  approach  in  square  feet. 

Q  =  the  actual  discharge  in  cubic  feet  per  second. 

Qi  =  the  theoretic  discharge  in  cubic  feet  per  second. 

V=  the  actual  mean  velocity  in  feet  per  second  through 
an  orifice,  that  is,  at  the  ^^  vena  contracta." 

Vt  =  theoretic  mean  velocity  in  feet  per  second  through  an 
orifice. 

Va  =  the  mean  velocity  in  feet  per  second  of  the  water  flow- 
ing through  the  tank  or  channel  of  approach  to  the 
opening,  called  the  velocity  of  approach. 

p^  =  the  intensity  of  pressure  on  the  upper  surface  of  the 
water,  due  to  external  forces. 

Pc  =  the  intensity  of  pressure  on  the  center  of  the  orifice^ 

due  to  external  forces- 
Ac  =  difference  in  elevation  in  feet  between  the  water  surface 

and  the  center  of  the  orifice. 

h^  =  difference  in  elevation  in  feet  between  the  water  surface 
and  the  upper  edge  of  the  orifice. 

hf,  =  difference  in  elevation  in  feet  between  the  water  sur- 
face and  the  bottom  edge  of  the  orifice. 

J3'^:=-  hc+i— — ^j=head  in  feet  on   center  corrected  for 

difference  in  pressure  on  water  surface  and  on  the 
orifice. 

W  =  the  volume  of  discharge  through  the  opening  in  pounds 
of  water  per  second. 

ff  =  32.16,  the  acceleration  due  to  gravity  in  feet  per  second 
per  second. 

0=  coefiicient  of  discharge  =  C^Cg. 

O^  =  coefiBcient  of  velocity. 

Cc  =  coefficient  of  contraction. 
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16S.  Thmrj  of  the  orifice-  The  determinatioa  of  the  volume 
of  flow  through  an  orifice  is  based  on  Torricelli's  theorem,  viz. 
thitt  the  velocity  of 
water  paeaing  through 
■n  orifice  is  the  same 
u  that  which  would 
be  acquired  by  a  body 
felling  freely  in  vacuo 
from  the  surface  of  the 
water  to  the  center  of 
tlw  orifice;  hence  the 
theoretic  velocity 
should  be 

aod  the  theoretic  dis- 
charge should  be 

Ql=aV,=  a(2ghty.  (2)  Pia.  *4.  -A  Vortical  Reotanpilar  Orifice. 

The  actual  mean  velocity  is  slightly  less  than  given  by  equation 
(1)  and  the  actual  discharge  somewhat  less  than  given  by  equa- 
tion (2)  for  reasons  that  will  be  stated. 

161  Difference  In  pressure  on  water  surface  and  orifice ;  velocity 
irf  approach.  The  velocity  and  the  discharge  may  be  further  modi- 
fied by  a  difference  between  the  intensity  of  pressure  on  the  water 
surface  above  the  orifice,  and  the  intensity  of  pressure  on  the 
opening  itself;  and  by  the  velocity  of  approach. 

The  effect  of  difference  in  pressure  and  of  velocity  of  approach 
may  be  shown  by  Bemonlli's  theorem, 


-m-K^^ 


+  4, 


(3) 


'?.£iVaLzj2.+i., 


Theoretic  velocity,      V,Jrj^  +  ig(f-    ?' +  i.*)!  ,  (4) 


Actual  Telocity,  F-  cTk/  +  2^?'-  ~f'  + 1.'] 


(5) 
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The  effect  of  differences  in  pressure  is  the  same  as  adding  alg^^ 
hraically  to  A,  the  algebraic  dilf ereuce  between  p^  and  p,  reduc^;^ 
to  equivalent  feet  of  water. 

The  effect  pf  velocity  of  approach.     The  kinetic  energy,  -~.  d^n 

to  the  velocity  of  approach,  will  increase  the  actual  velocity  frc^m 
the  orifice  by  adding  to  the  head.  Whether  this  increase  is  sigaifi- 
cant  is  wholly  a  question  of  its  magnitude  relative  to  the  degr-eo 
of  precision  warranted  by  the  other  factors  of  the  problem, 

Since  the  velocity  is  not  uniform  in  all  parts  of  the  section,  tbe 
kinetic  energy,  in  terms  of  the  mean  velocity,  should  be  expresseLl 


^i7'" 


1(6) 


The  actual  velocity  T-  0,(2  gS^*  \ ^1  .  (8) 


Including  all  Dfloeasary  factors,  then, 
the  actual  discharge  Q  =  Ca(2  gS^ )'    r  1   .  ,«, 

Neglecting  differences    of  pressure  and  velocity  of  approach, 

formula  (9)  becomes  Q=  Ca(2gh,y^.  (10) 

The    coefficient    C  should    be  selected  for  a  head  equal  to 

In   Table  X  ia  shown  the  theoretic  effect  of  the  velocity   of 
approach. 
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C,  =  .98 


TABLE  X 
and 


n  =  1.0 


A 

1 

A 
Cca 

1 

Cca 

(i-c.«»^«r)* 

^i_e..«c.v)i 

1.33 

1.5 

2.0 

2.5 

3.0 

1.479 
1.821 
1.147 
1.087 
1.058 

5 
10 
15 
20 
25 

1.020 

1.0048 

1.0022 

1.0012 

1.0008 

It  appears  from  this  table  that  when  ^^  =  10,  the  error  in  ignor- 
es 

ing  the  velocity  of  approach  is  but  .5  per  cent ;  while  on  the  other 
hand,  as  the  ratio -^  decreases,  the  effect  of  yelocity  of  approach 

becomes  more  significant,  until  if  -rr-  =  1.38,  the  increase  in  dis- 

charge  would  appear  to  be  about  50  per  cent.  Such  a  large  correc- 
tion can  not  be  considered  anything  but  a  mathematical  extension 
of  a  formula,  and  has  no  reliability.  With  such  high  velocity  of 
approach,  ordinary  coefficients  do  not  apply,  and  few  special  ones 
are  available.  Indeed  under  such  conditions  the  opening  should 
probably  not  be  classified  as  an  orifice,  but  as  a  sluice,  or  an  open 
channel  with  varying  cross  section,  for  which  a  rating  at  different 
depths  should  be  made  by  actual  measurements. 

Example.  What  is  the  discharge  through  a  vertical  orifice  .4 
foot  square  set  in  a  channel  2.4  feet  in  width,  where  the  water  is 
2.4  feet  deep,  the  bottom  edge  of  the  orifice  being  1.0  foot 
above  the  bottom  of  the  channel?  The  orifice  is  discharging  into 
a  condenser  in  which  there  is  a  vacuum  of  27  inches  of  mercury. 

LetC,=  .98;   C;=.62;  andw  =  l.     Then 
By  (9)  g  =  .98  X  .62  x  A^ 


X8.02 


(>• 


2  + 


14.7-1.47 
.433 


) 


1  -  .989  ^  .622 


\2a)  . 


\ 


=  4.39. 


af  Jet    Til*  jet  .jf 

nm        •  vntnrmetm  u>  an  area  smaller  than  the  o 
cniargM  more  or  I«m  irre^nUrlj- ;    and  docs  do*  i 
enm  metiaial   •hsjie  of  the  of«mng  ita^  except   for  < 
ciriScca. 

Tb«  paib  af  the  )et  IK  that  oi  a  trsjectorr.  (See  figure  43.) 
Veaa  cootraeta-  The  sectko  of  itiinimnm  area,  called  the 
ijontntcta,"  U  usaally  distant  from  the  iuner  plane  of  the  orifio*' 
ttUiut  .iJO  to  .60  of  the  least  fUmetision  of  the  openitig.  In  deter- 
mining vulocity  atid  diMharge.  this  is  the  critical  section  ;  because 
miiny  experimenta  have  demoDiit rated  that  the  velooiij  at  this 
[loiMl  iH  nearly  equal  10(2,1/^^)1 ;  and  the  actoal  discharge  throttgli 
the  orifice  equala  very  nearly  the  area  at  the  "vena  contracta" 
lultipHed  by  (2gli,)i. 

Thu  t.'ontracitiou  is  probably  due  to  the  inability  of  the  water  to 

'iluinna  iiiKtiintly  from  rest,  or  the  very  low  velocity  of  approach, 

I  relatively  high  velocity  of  discharge  ;  and  to  the  viscosity 

I  fluid  i  for  this  reason  the  contraction  is  greatest  in  the  caae 

a  ttharp-udKed  orifice  in  a  thin  wall,  where  the  change  in  ve- 

jity  ill  jiiwHin^  from  the  channel  to  the  orifice  is  greatest;  and 


loHHt  in  the  case  of  a  nozzle  or  mouthpiece,  where  the  changes  are 
purposely  made  most  gradnal.     See  figure  45. 

In  well-designed  orifices,  friction  and  eddy  disturbances  have 
little  effect;  and  experience  has  shown  that  the  actual  loss  of 
energy  is  blight. 

In  ligure  45,  A  is  an  orifice  in  a  thin  wall ;  £  is  a  sharp-edged 
oritii'e  in  a  thick  wall;  C  is  a  bell  mouth,  or  rounded  orifice  ;  J> 
in  a  nuzzle. 
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186.  The  coefficient  of  contraction  (Ce)  is  the  ratio  of  the  area 
of  the  jet  at  the  ^^  yena  contracta "  and  the  area  of  the  orifice ; 
that  is. 


area  at  vena  contracta     ^  C 
,  also  ^  — ' 

area  of  orifice  C^ 


Its  mean  value  is  about  .62  for  orifices  in  a  thin  wall. 
The  coefficient  of  contraction  ((7^)  may  be  found  by  direct 
measurements  of  the  diameter  of  the  jet  at  the  contracted  section, 


E 


.kA 


■    *    ■    ' 


.L..J. 


Fbo.  46.  —  Apparmtna  for  Bfeasnring  the  Form  of  a  Jet. 


by  such  an  apparatus  as  shown  in  figure  46,  or  it  may  be  com- 
puted from  experimental  determinations  of  O  and  C^. 

167.  The  coefficient  of  velocity  is  the  ratio  of  the  actual  mean 
velocity  of  the  jet  at  the  vena  contracta  and  the  velocity  due  to 
the  virhole  head  on  the  orifice ;  that  is. 


(?•  = 


(r^2^2^j3;)i 


Its  value  is  about  from  .95  to  .995. 

The  coefficient  of  velocity  may  be  obtained  by  measurements 
with  a  Pitot  tube,  or  by  measuring  the  coordinates  of  the  path 
of  the  jet,  which  is  the  curve  of  a  trajectory  (see  figure  43),  and 
thence  deducing  the  velocity  ;  and  dividing  by  (2gh^\  as  follows : 

x=s  F?;  y  =  J^;   whence  F=(~)  ;    therefore 
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168.  The  coefficient  of  dischaige  is  the  ratio  between  the  acttud 
discharge  (©J  and  the  theoretic  discharge  (^i);  that  is, 

c= 2 

The  coefBcient  of  discharge  may  be  cuiBputed  from  voluraotrie 
or  weight  determiiiiitiotis  of  discharge  with  a  high  degree  of 
precision. 

169.  Coefficient  determinations.  The  methods  of  det«niuniiijj 
directly  t\  and  C'^  are  both  instructive  and  interesting;  but  tlie 
results  obtniaed  are  not  wholly  satisfactory  or  as  precise  sn  lu 
experimental  determination  of  the  coefficient  of  discharge.  Evw 
with  jets  from  a  circular  orifice  a  close  measurement  of  the  am- 
tracted  section  is  difficult,  owing  to  the  vibrations  of  the  JM. 
The  jets  from  a  rectangular  orifice  can  rarely  be  nieitsured  willi 
any  reiisouable  degree  of  accuracy. 

The  actual  velocity  of  a  jet  has  been  determined  by  a  PiWt 
tube  with  a  high  degree  of  precision. 

170.  An  orifice  in  a  thin  wall.  If  an  orifice  cut  in  a  true  pluie 
presents  as  nearly  as  may  be  only  a  line  of  contact  to  the  emtitj- 
ing  jet,  the  oritice  is  designated  an  orifice  in  a  thin  wall,  gquan- 
edged  or  sharp-edged.  To  secure  this  condition,  it  is  essentiJ 
only  that  the  thickness  of  the  wall  be  such  that  the  jet  will  mt, 
after  leaving  the  inner  face,  again  touch  on  the  side  of  the  opening* 

Standard  orifice.  If  an  orifice  in  a  thin  wall  ia  set  far  enough 
fnmi  the  aide  of  the  vessel  or  channel  to  secure  full  con  traction  of 
the  jet,  is  round  or  square,  and  iias  no  dimensions  greater  than  oBC 
foot  (for  which  shapes  and  dimensions  reliable  coefficients  aie 
avuihible),  it  is  called  a  standard  orifice. 

Complete  coatractioa.  If  an  increase  in  head  or  any-  other 
cliiiiijje  in  the  setting  of  an  orifice  will  not  increase  thu  oootr»e- 
tiou.  ii.  im  said  to  be  complete. 

To  insure  complete  contraction  of  a  jet  from  an  orifice  in  a  thin 
Willi,  the  margin  of  the  orifice  should  be  flat  in  every  direction  for 
at  least  three  times  the  smallest  dimension  of  the  opening  ;  the 
opening  should  be  placed  symmetrically  with  respect  to  the  sides 
of  the  approach  channel ;  and  the  head  ouglit  to  lie  three  times 
the   least   dimension   of    the   orifice.     It   should   be   noted    that 
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lomplete  or  nearly  complete  contraction  may  be  secured  in  short 
mbes,  and  reentrant  tubes  (see  Chapter  X). 

ITl.  Orifices  in  thick  vails.  If  the  opening  be  in  a  plate  of 
such  thickness,  even  though  square-edged,  that  the  Btream  again 
touches  the  sides  of  the  opening  after  leaving  the  inner  face  (see 
%are  45,£) ;  or  if  the  opening  be  of  gradually  diminishing  area 
■Qch  that  the  jet  clings  to  the  sides  (see  figure  45,  C  and  i>)  the 
coDtraction  will  be  partly  suppressed,  and  for  a  given  head  the 
diKharge  will  be  more  than  for  the  orifice  of  the  same  area  in  a 
thin  plate.  The  limit  at  which  an  orifice  becomes  a  tube,  nozzle, 
M  mouthpiece  is  not  well  defined.  Orifices  in  a  thick  wall 
(excepting  nozzles)  are  not  as  accurate  for  measuring  water  as 
orifices  in  a  thin  wall ;  because,  not  only  are  few  reliable  coeffi- 
eients  available,  but  also  they  are  more  difficult  to  secure,  owing  to 
great  varieties  of  shape  and  dimensions  possible,  and  the  difficul- 
to  of  duplicating  any  shape  to  conform  to  those  from  which  the 
Fev  experimental  coefficients  available  were  obtained. 

173.  Compazlsoa  of  orifices  as  to  contraction  and  discharge. 
W«bbach  made  a  great  number  of  experiments  to  determine 
the  law  according  to  which  the  contraction  changes  with  the 
uigle  «.  Figure  47  .4  to  ^  shows  the  range  from  the  greatest 
coatraction  to  practically  none,  the  discharge  increasing  as  the 
wntraction  decreases.  By  comparing  the  following  coefficients 
flf  discharge  with  the  figures,  the  dilTerence  between  various  kinds 
oforifices  is  obvious.     Diameter=  .033  foot.     Heads  1  to  10, 
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173.  For  meamring  water  vith  a  h^h  d^rce  (rf  predsioo  by 
orifices,  only  orilkes  in  a  thin  wall  slmuld  be  employed,  using  au 
orifice  for  wliicli  the  greatest  number  of  reliable  coeffioienU  are 
svailatjle. 

For  discharging  a  maximnm  volttme  through  an  opening  of  a 
given  diamel*!-,  orifiecs  with  n-iJe  and  well-rounded  lips  shooU 
be  used. 

174.  Ttu  prDC«dare  in  measuring  the  flow  of  water  with  an  orifice 
ComprisaB : 

(1)  TesUiig  and   setting  gauges    for    measuring    head   or 

pressure ; 

(2)  Calibrating  the  opening  and  the  channel  of  approach 

by  direct  measurements  and  computing  therefrom  the 
areas  a  and  A ; 

(3)  Determining  the  difference   in   elevation  between  the 

w^ter  surface  and  the  orifice  ;  and  the  pressures  p, 
and  p^  if  otiier  than  atmospheric  pressure. 

For  the  coetlicients  given  in  tlie  tables  the  bead  has  been 
measured  from  the  water  surface  to  the  center  of  the  plane  of 
the  ojieiiing. 

To  be  mathematically  accurate  the  head  should  be  measured 
from  the  center  of  the  vena  contracta,  especially  in  horizontal 
orifices;  because  the  full  velocity  does  not  develop  before  reach- 
ing this  point. 

The  head  may  be  measured  by  means  of  a  hook  gaug^e,  as  in 
figure  44,  a  piezometer  tube,  as  in  figure  43,  a  mercury  column,  or 
a  calibrated  steam  guage.  The  head  should  be  measured  aufE- 
ciently  distant  from  tlie  plane  of  the  orifice  to  avoid  inaccuraciea 
due  to  dropping  of  the  water  surface  toward  the  opening. 

(4)  Selecting  the  coefficient  of  discharge  suited  to  the  shape 

and  dimensions  of  the  opening  and  the  head;  and 

(5)  Computing  the  discharge  by  a  suitable  formula. 

175.  More  precise  formula  for  vertical  circular  orifices.  Refer- 
ring to  figure  43,  BC  is  an  elementary  strip  (so  narrow  that  its 
width  is  negligible')  in  the  opening  whose  area  is  ^(j^—y^y^  \ 
and  the  head  on  BO  is  (A,  —  y'). 

Neglecting  the  velocity  of  approach  in  the  channel,  and  assuin- 
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ing  equal  intensity  of  pressure  on  the  water  surface  and  on  the 
jet^  the  theoretic  discharge  in  cubic,  feet  per  second  through  the 
strip  -fi<7i8 

£x:pand  equation  (11)  in  series,  then  integrate  between  the 
limits,  y=:  +  r^  and  ]/  =  —r^  prefix  the  coeflScient  of  discharge 
(<7'),  and  the  result  is  a  formula  for  computing  the  discharge  of 
circular  orifices  in  cubic  feet  per  second,  viz. : 

The  following  table  gives  factors  equivalent  to  the  value  of  the 
series  in  equation  (12)  for  given  ratios  of  A^  and  d,  from  which  it 
is  evident  that  when  hg  equals  3  (2  a  neglect  of  the  series  would 
cause  an  error  of  but  .1  per  cent. 

• 

TABLE  XI 


Faotok 

Loo 

A, 
d 

Factor 

Loo 

d 

Factor 

Loo 

0.5 

0.960 

1.9825 

0.9 

0.990 

r.9955 

1.6 

0.997 

r.9987 

0.6 

0.975 

1.9891 

1.0 

0.992 

1.9964 

2.0 

0.998 

1.9991 

0.7 

0.982 

1.9922 

1.2 

0.994 

1.9976 

3.0 

0.999 

1.9996 

0.8 

0.987 

1.9942 

1.4 

0.996 

1.9983 

10. 

1. 

0. 

This  more  precise  formula  need  be  used  only  if  the  head  is 
relatively  low  (less  than  2  d). 

In  general  it  is  convenient  to  change  C  to  C  by  means  of  the 
factors  in  Table  XI,  and  write  equation  (1-2)  as  follows  : 

Q^Oin^(2gK^K  (13) 

Coefficients  for  vertical  circular  orifices  applicable  with  formula 
(13)  are  given  in  Tables  XV  and  XVI.  Values  of  C  corrected 
by  Table  XI  are  shown  in  black  face  type. 

In  Tables  LXVII  and  LXIX  will  be  found  areas  of  circles. 

In  Table  LXI  are  given  velocities  for  various  heads,  and  dis- 
charges for  stream  one  square  inch  in  area. 

Example.  What  is  the  discharge  through  a  vertical  circular 
orifice  .5  foot  diameter  under  a  head  on  the  center  of  16  feet, 
with  full  contraction  of  the  jet  ? 
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By  (13) 
C  =  .596  X  .1964  X  8.02  X  4  =  3.76  cubic  feet  per  second. 

176.  Precise  formula  for  vertical  rectangular  orifices.  Refer- 
ring to  figure  44,  -8(7  is  an  elementary  strip  in  the  opening,  the 
area  of  which  strip  is  Lhy^  and  the  head  on  BO  is  y. 

Neglecting  the  velocity  of  approach  in  the  channel,  and  assum- 
ing equal  intensity  of  pressure  on  the  water  surface  and  on  the 
jet,  the  discharge  through  the  strip  BCin  cubic  feet  per  second  is 

hQ,  =  L(2gy')Hy.  (14) 

Integrating  (14)  between  the  limits  ]/  ==  hf,  and  y  =  A„,  and  pre- 
rixing  the  coefficient  of  discharge  ((?'),  there  results  the  precise 
formula  for  computing  the  discharge  for  rectangular  orifices  in 
cubic  feet  per  second  : 

Q  =  ^L(2g-)Kh}-h}^.  (15) 

For  this  formula  many  coefficients  (C)  were  originally  deter- 
mined; but  it  is  not  as  convenient  for  computation  as  the  less 
precise  expression 

Q^CL  0(2  gK9  =  OLCh  -  A»)  (2  5')*(^4^")*  •   (16) 

If  then  Q  is  to  be  computed  by  formula  (16),  the  coefficient,  if  it 
has  been  determined  for  (15),  should  be  multiplied  by  a  factor  to 
get  the  coefficient  C  for  use  in  (16), 

Tim  factor   -     ^L(^ff)^CK^  -  hj)         ^    2(2)^  (h,i  -  hj) 

This  correction  is  necessary  only  for  very  low  heads. 

The  following  table  gives  values  of  this  factor  in  terms  of 
he  and  0 ;   from  which  it  is  evident  that  when  -^  equals  3,  the  use 

of  this  factor  would  affect  the  "result  but  .1  per  cent. 

Coefficients  for  vertical  rectangular  orifices  applicable  with 
formula  (16)  are  given  in  Tables  XVII  to  XX.  Values  of  C 
corrected  by  the  factors  in  Table  XII  are  in  black  face  type. 

Table  LXX  gives  squares  of  numbers. 
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TABLE  XII 


0        1 

Factob 

Loo 

0 

Factor 

Loo 

0 

Factor 

Loo 

.5 

0.943 

T.9744 

.80 

0.982 

1.9922 

1.6 

0.996 

1.9982 

.54 

0.955 

1.9800 

.90 

0.986 

1.9940 

2.0 

0.997 

1.9989 

.58 

0.963 

1.9835 

1.00 

0.'989 

1.0952 

2.5 

0.998 

1.9993 

.60 

0.966 

T.9848 

1.2 

0.993 

r.9967 

3.0 

0.999 

1.9995 

.70 

0.976 

1.9895 

1.4 

0.995 

1.9977 

10.0 

1.000 

0. 

Bxample.  What  is  the  discharge  through  a  vertical  orifice 
1.0  foot  square  under  a  head  on  the  center  of  4.0  feet ;  with  full 
contraction  of  the  jet  ? 

C  =  .602  X  1^  X  8.02  X  2  =  9.66  cubic  feet  per  second. 


177.  Horizontal  orifices.  The  formulas  for  vertical  orifices  apply 
theoretically  to  horizontal  orifices.  Few  coefficients  have,  however, 
been  directly  de- 


tepmined  for 
them;  coeffi- 
cients intended 
for  vertical  ori- 
fices must  be 
therefore  ordi- 
narily used  for 
horizontal  ori-. 
fices,  but  with 
less  assurance  of 
accuracy.  It  is 
fair  to  assume 
that  the  head  if 
measured  to  the 

orifices  should  be  corrected  to  the  center  of  the  vena  contracta. 
See  figure  48. 

Table  XXI  contains  a  few  experimental  coefficients  for  hori- 
zontal orifices. 

178.   Concerning  coefficients  of  discharge.     The  number  of  relia- 
ble directly  determined  coefficients  for  orifices,  while  relatively 
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Fig.  48.  —  Horizontal  Orifice. 


136 


HYDRAULICS 


I 


large,  does  not  completely  cover  a  very  extensive  range  of  heads; 
and  some  of  those  given  in  tbe  tables  were  determined  under 
conditions  that  did  not  allow  complete  contraction. 

Smith's  coefficients  for  round  and  square  orifices  here  given 
(Tables  XV  and  XVII)  were  based  chiefly  upon  his  own, Lesbros's, 
and  Poncelet  and  Leabros's  experiments,  but  few  of  the  experi- 
ments included  heads  exceeding  6  feet.  In  Mair's  experimeote 
(see  Table  XVI)  the  heads  were  not  more  than  2  feet.  Bovey's 
experiments  on  very  small  orifices  (Tables  XVIII  and  XIX)  were 
for  heads  up  to  20  feet.  Ellis's  experiments  included  heads  up 
to  20  feet.  In  brief,  coefficients  in  use  for  heads  exceeding  6 
feet  in  most  cases,  and  10  to  20  feet  in  rare  cases,  are  based  od 
mathematical  extensions  of  curves  drawn  for  low  heads. 

Nevertheless,  a  comparative  plotting  of  existing  data  seema  to 
indicate,  after  making  allowance  for  considerable  difference  in 
the  precision  attained  by  the  different  experimenters,  that  every 
orifice  may  have  its  critical  head,  above  which  the  coefficient  is 
nearly  constant.  Hence,  Smith's  tables  if  used  for  high  heads 
will  probably  not  be  greatly  in  error.  Recent  experiments  by 
Judd  and  King  (Table  XVI)  tend  to  confirm  this  assumption. 
In  the  experiments  of  Lesbros,  Poncelet  and  Lesbros,  Smith,  Mair, 
Bovey.  Drummund,  and  King  the  discharge  was  measured  by  vol- 
ume. Ellis  used  a  weir,  but  it  was  not  well  set,  and  bis  apparatus 
for  measuring  the  head  was  defective. 

Coefficients  given  in  Tables  XV  to  XXI  are  given  only  for  heads 
practically  within  the  range  of  the  original  experiments,  excepting 
only  Smith's  coefficients,  in  Tables  XV  and  XVII. 

Several  tables  are  given  bodily.  The  other  experiments  have 
been  regrouped  according  to  the  outlines  of  the  orifices;  and  in 
most  cases  have  been  replotted  in  order  to  determine  values  of  C 
for  heads  varying  by  increments  of  one  foot.  The  values  of  C 
thus  taken  from  the  plotted  curves  have  also  been  checked  by 
interpolation  with  the  original  experiments.  It  is  believed  that 
no  violence  has  been  done  to  the  original  values  of  the  coefficients; 
and  the  result  offers  an  easy  means  of  comparison. 

For  orifices  in  a  thin  wall  with  full  contraction  of  tlie  jet,  and 
under  similar  conditions,  it  is  probably  true  that: 

(n)  With  similar  shapes,  the  head  being  constant,  the  coefficient 
decreases  as  the  area  increases; 
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(6)  For  any  given  orifice,  if  the  contraction  is  complete,  the 
coeilicieat  decreuiies  fts  the  head  increases  up  to  some  constant 
value;  for  heads  too  low  for  complete  contraction,  the  coefficient 
decreases  as  the  head  decreases ; 

(c~)  For  equal  areas,  and  with  the  same  head,  coefficients  for  cir- 
cular orifices  are  less  than  for  square  orifices,  and  for  square  ori- 
fices less  than  for  rectangular  orifices  in  which  the  length  and 
depth  are  unequal ; 

(J)  For  rectangular  orifices  of  equal  area  and  under  the  same 
head,  the  coefficient  increases  as  the  ratio  between  the  length  and 
breadth,  or  the  ratio  between  the  breadth  and  lengtli.  increases; 
liierK  being  practically  no  difference  whether  the  longer  or  shorter 
>ule  is  vertical,  provided  there  is  full  contraction. 

179.  The  effect  of  suppressing  contractloa.  The  suppression  of 
^imtractioii  may  he  niuiit;  jjartial  or  complete  by  widening  or 
riiiiiHling  tlie  lips  of  the  orifice,  by  reducing  the  distance  between 
the  edges  of  the  opening  and  the  sides  or  bottom  of  tlie  channel, 
by  reducing  the  head  below  the  height  required  for  complete  con- 
traction, or  by  placing  two  or  more  orifices  side  by  side  in  the 
Siinie  wall. 

Fur  complete  suppression,  the  coefficient  of  discharge  is  practi- 
fiilly  unity.  In  an  orifice  in  a  thin  wall  suppression  can  not  be 
'^iTOplete. 

^<n  partial  BUppressioa.  other  conditions  being  the  same,  the 
^''I'fficient  of  discharge  is  less  than  unity,  more  than  the  coeflScient 
'"t  the  same  orifice  with  full  contraction;  and' slight  changes  in 
'■I'muay  produce  wide  variations  in  the  coefficient.  Tlie  pub- 
'■''wl  experiments  are  insuEBcient  to  warrant  the  framing  of  a 
"itisfactory  law  for  computing  the  results  of  suppressing  contrac- 
-I'li;  but  they  indicate  that  the  discharge  is  not  increased  in 
'i'l'wt  proportion  to  the  percentage  of  perimeter  on  which  the 
L'lrHmciion  is  suppressed. 

riie  following  experiments  are  useful  in  estimating  t!ie  results 

"I  suppression.     The   data   available   are   very    meager   and   of 

pited  application.     The  effect  of  suppression  in  various  forms 

■orifices  will  be  considered  again  in  Chapter  X. 

^polmeDts  00  suppression  of  contraction.     Darcy  and  Bazin  ■ 

•  UMcy  a.id  Biuin.  ll.T.lier<-litt  Hgdruaiiques,  vol.  I.  pp.  53  t.i  83. 
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experimented  on  12  orifices  each  0.656  foot  square,  and  set       a 
shown  in  figure  49.     The  openings  were  cut  in  flat  copper  plat^^s 


mm. 


i 


ig^y^ys- 
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Fig.  49.  ~  Orifices  used  by  Darcy  and  Bazin. 

each   orifice  was  ^provided  with  a  gate  which  when  opened  fwtMy 

cleared  the  opening. 

The  results  of  these  experiments  were  as  follows : 

Number  of  orifices  open 1         2        8        4     6  to  12 

Coefficient  C*  for  such  orifices  as  were  open     .633    .642    .646    .649     .650 

With  one  gate,  the  fifth  from  the  right,  raised  .328  feet,  th^ 

others  mentioned  fully  opened 

Number  of  gates  fully  opened 1        2        3        4     5tol ^ 

Coefficient  Cf  for  the  partly  open  gate    .     .      .650.657     .660    .662    .663 

From  Lesbros's  experiment,  H.  Smith,  Jr.,  %  has  derived  the  fol- — 
lowing  two  tables,  XIII  and  XIV,  to  show  the  percentage  increaut^^ 
in  the  value  of  C  for  different  amounts  of  contraction.. 

TABLE  XIII 
Square  Orifice  .606  Feet  x  .656  Feet 


Amount  of  Contraction 


Contraction 
Contraction 
Contraction 
Contraction 
Contraction 
Contraction 
Contraction 
Contraction 
Contraction 


nearly  suppressed  on  one  side    . 
entirely  suppressed  on  one  side 
nearly  suppressed  on  two  sides, 
entirely  suppressed  on  one  side 
nearly  suppressed  on  another  side 
entirely  suppressed  on  two  opposite  side 
entirely  suppressed  on  one  side  1 . 

nearly  suppressed  on  two  other  sides 
entirely  suppressed  on  three  sides 


s 


Percentagk  Increase 
IN  C  FOR  Heads 


1.2 
3.8 
5.7 

5.8 

7.3 
13.3 

15.6 


1.0 
3.3 
4.5 

5.3 

d.o 

10.9 
13.4 


l.!2 
3.1 
4.0 

5.3 

5.6 
9.9 

11.9 


5 


1.3 
3.5 
4.0 

5.6 

5.0 
9.8 

11.6 


*  Experimental  value  ;  discharge  determined  volumetrically. 

t  Calculated  by  Darcy  and  Bazin  from  experiments.  |  Hydraulics,  p.  65. 
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TABLE  XIV 


Htnnta^l  Section 


yiirficat  Smcttcn 


K 


DIMB.H8IOX          M„^,v.     xr^ 

.               Heads,  Ft. 

OF  Orifice 

HicADB,  Ft. 

Heads,  Ft. 

Heads.  Ft. 

I.  Ft.  0.  Ft. 

1         3       "5 

13         5 

1           3          5 

1           3           6 

.656 
.656 
.656 
.656 
.656 

.656 
.328 
.164 
.098 
0.33 

3.8     3.1     8.5 
5.4     5.2     5.4 
6.3     6.5     7.4 

7.8  7.8     8.5 

8.9  11.1    12.4 

5.7      4.0     4.0 
3.2     2.4     3.1 
1.6     1.4     2.4 

3.4  2.1     2.4 

4.5  6.1      5.6 

5.8 
7.0 
7.3 
8.1 
8.6 

5.3 
6.7 
7.5 
8.8 
11.1 

5.6 
7.0 
84 
9.2 
12.2 

13.3 

10.7 

8.9 

9.6 

8.5 

9.9 
9.8 
8.6 
9.2 
11.1 

9.8 

10.0 

9.5 

9.0 

12.7 

iV(w»  Bidonfs*  experiments,  the  following  rule  has  been  de- 
rived for  small  orifices,  with  heads  not  exceeding  3  feet. 

If  <S=the  proportion  of  the  perimeter  of  an  orifice  on  which 
suppression  occurs. 

The  percentage  increase  in  C  for  rectangular  orifices  =  15.2  S. 
The  percentage  increase  in  0  for  circular  orifices  =  12.8  S. 

This  formula  is  not  precise;  and  S  for  rectangular  orifices 
must  be  less  than  .75,  and  for  circular  orifices  less  than  .85. 

180.  Submerged  orifices.     When  the  opening  is  entirely  covered 
bv  water  on  the  downstream  face,  the*  orifice  is  said  to  be  sub- 
merged; and  the  head  (A^)  becomes  the  difference  in  the  eleva- 
tion between   the  water   surfaces  above  and   below  the  orifices. 
See  figure  50. 

h/  being  the  difference  in  elevation  from  the  center  of  the 
orifice  to  the  upstream  water  surface,  and  hj'  to  the  down- 
stream surface.  Formula  (9),  neglecting  velocity  of  approach, 
becomes  ,r  ^       ^-^^^ 

g=Ca(2.(/)i  V--V'+^^^-=^'     •  (17) 

•  D^AubuiBson,  TraiU  (V HydrauUque, 


Tha  discbarge  for  Bubmerged  orifices  is  slightly  less  tlian  for 
oHfices  of  similar  size  and  form  with  free  discbarge  under  the 
Bame  head.     The  difference  according  to  Francis  is  probably  as 


■^\\vx\\v\\\v\vv\vvv^^\\\\^^ 


Fla.  SO. —SabmeTged  Orifice. 

much  aa  3  per  cent  for  very  low  heads,  but  for  a  head  of  10  feet 
and  over  the  difference  is  probably  negligible,  decreasing  also 
with  increase  in  the  size  of  tbe  opening.  For  orifices  more  than 
one  square  foot  in  area,  and  beads  greater  than  three  times  the 
least  dimensions,  the  available  coefficients  indicate  that  no  correc- 
tion is  necessary. 

A  few  coefficients  for  submerged  orifices  are  given  in  Table  XXI. 

Example.  A  sharp-edged  orifice  1.0  foot  square  is  set  with  its 
center  12  feet  lower  than  the  upstream  water  surface,  and  3  feet 
lower  than  the  downstream  water  surface.    Compute  the  discharge. 

^=  .604  X  1="  X  8.02(12  -  3)*  =  14.53  cubic  feet  per  second. 
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81.  Partially  sttbmerged  orifices.  For  such  openings  the  dis- 
charge can  not  be  closely  estimated  except  by  special  calibration 
for  each  case. 

18S.   Discharge  under  a  dropping  or  rising  head.     The  time 
required  either  to  empty  or  to  fill  a  vessel  through  an  orifice 


Fio.  01. 

binder  a  continuously  varying  head  may  be  computed  as  follows. 
See  figure  61. 

I<et  A  =  the  cross-sectional  area  in  square  feet  of  a  prismatic 

vessel. 

The  total  volume  above  the  center  of  the  orifice  =  Ahg. 

Let  h  =  head  at  any  instant.  If,  in  any  time  Bt,  the  head  is 
lowered  SA  feet,  then  the  volume  discharged  equals  ABh^  and  the 
rate  of  discharge  by  formula  (10)  =  Ca{2gh)K 


Therefi 


ore. 


St^ 


ABh 


Bh 


(19) 


Oa(2gK)^      Ca(2ff)^     (A)* 
Integrating  (19)  within  the  limits  of  A,  corresponding  to  time 
=  0  and  time  =s  7,  viz.,  A^  and  A^ 


r«*= 


Cai^ig)^     *'*•   (A)i 


X 


*.  Sh 


Therefore  T= 


2A 


Ca(2^)i 


(■20) 
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ptyiag  the  vessel  down  to  the  center  of  the  orifice,  *M~  ^^ 
i«whenA,  =  0;  T=  „  "  "^      (K^.  (i^== 

Obviously  this  is  just  twice  the  time  required  to  discharge  — fcr:^ 
Kiiini!  volume  of  water  under  n  constant  head  A^ 

Selection  of  coefficientB  for  discharge  under  a  dropping  he^.^ 
I'Hually  to  take  the  mean  of  the  coefficients  for  the  two  liuiitit»-^ 
hiratlfl  is  sufficient.  If  great  accuracy  is  required,  the  interval "" 
of  time  required  to  lower  the  head  by  short  drops  in  successio^^ 
may  be  Bcparately  computed;  and  their  sum  will  be  the  tota-^ 
time  of  emptying. 

Example.  Given  a  rectangular  prianiatie  vessel  10  feet  x  20 
feet  X  20  feet  (high),  with  an  orifice  in  a  thin  wall  .5  foot 
Kqnuve,  set  with  its  h)wer  edge  4  feet  above  the  bottom.  If  Bow 
begins  when  the  water  Hurface  is  9  feet  above  the  center  of  the 
orifiofit  what  time  will  be  rcfjuired  to  lower  the  water  surface 
it  feet? 

T==—- — ?Ji.2^^— _-^(9)i  =  1000  seconds. 

The  time  required  to  fill  or  empty  a  canal  lock,  if  the  orifices  are 
Niil)rii<Tj,'eil.  niiiv  nlt*<)  be  emiiputed  by  formula  (21),  the  head  used 
Ijifiiig  llm  difiiiiviiija  between  the  Itead  bay  level  aud  thtt  tail  b»y 
level,  which  is  usually  called  the  lift. 

Example.  Given  a  lock  chamber  80  feet  X  30  feet;  with  one 
nrilice  2  feet  high  by  4  feet  long  for  tilling,  and  one  of  the  same 
size  for  emptying,  the  total  lift  t«ing  9  feet.  How  many  seconds 
will  be  retpiired  to  fill  the  lock  from  tail  bay  level  to  head  bay 
level?     C=  .0.     See  figure  52. 


()  X  80  X  3 


874  seconds. 


<.  4  X  8.0-2 

To  find  the  time  required  to  raise  the  water  surface  level  from 
tail  bay  level  to  o  feet  above  it. 
Hy  Formula  (201. 

r=  — ^  ?J''''/"-,'7^,[(i'>*-(-»>']  =  124.7  seconds. 


Tia.  02.  —  Submei^ed  Discharge  In  a.  Lock. 

1S3-  The  miner's  inch.  The  miner's  inch  ia  the  volume  of 
flow  of  water  that  will  be  discharged  through  an  opening  one 
beb  square  under  a  head,  not  necessarily  the  same  in  every  loc^l- 
itf,  but  usually  about  .55  feet.  The  term,  which  was  originally 
used  aomewhat  loosely  to  measure  water  for  mining  purposes  in 
the  west«rn  part  of  the  United  States,  has  been  in  late  years 
defined  by  law  in  equivalent  cubic  feet  per  second,  ranging  in 
value  in  different  states  from  about  .02  to  nearly  .03  cubic  feet 
pet  second.  It  is  an  awkward  term,  but  its  use  is  often  necessary 
on  account  of  custom  and  law.  See  Table  XX  for  coefScients  for 
rectangular  orifices  under  low  heads. 

IH.  The  loss  of  head  in  a  jet  from  an  orifice  may  be  determined 
theoretically  as  follows : 

The  actual  velpcity  V  =  0,(2  gff^')^  (5^  being  the  total  hydro- 
static head). 

Hence  ^  =  C,m, ;  and  H,  -- 


yi 


iqual  S^, 


Since  if  there  were  uo  loss  —  would  e 

the  lost  head,  i.  -  if.  -  C.'-H",  =  (1  -  C.")fl,i  or 

in  terms  of  velocity  head 

.  _    V       V     Vf  1      .\     ,  r_> 

'     2stV     ig     iAc.'       J        "-9 

This  expression  is  applicable  to  all  forma  of  orifice. 


(22) 
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E.a,npU.     If           '^.-»'5  4.-g(;5l^-lj-.062i^^ 

C,  =  .B9a.O0     .885     .08       Ml'^     .1)7      .O.j      .90      .32      .80      -To      .73       ^H 

f.  =   01 

.02     .031     ,041     .052     .063     .108    .2ri5    .487    .563    .778    .929    aTTn 

Itia 

fairly  evident  from  &  careful  study  of  the  discharge  f  z-<7n 

orifices 

in  a  thin  wall,  especially  in  some  recent  experiments,  -t^liai 

C.  is  much  nearer  .99  than  .975;   and  tiiat  the  uaual  estiraatedl 

allowance  for  loss  in  such  orifices  is  tuu  great.                                        | 

TABLE  XV 

Smith's 

COKFFICIKN-TB    OF    D:SCI1ARGR    FOR    VERTICAL   CiRCCLAR   OrIFIOKS 

App11>:Bb 

e  strictly  to  varlical  cIrruUr  oriflces  in  a.  flat,  rigid,  thin  wall,  with  full    am- 

tnkcti 

n  of  the  jeti  uid  for  the  dimDtiaiuns  and  beads  given.    Direct  Interpol a*-l<" 

■Uould 

.. 

ol™ 

.02 

.03 

.04 

.05 

.07 

.10 

.13 

.15 

.30 

.40 

.60 

.80 

1.0 

{?)^' 

.637 

.628 

.621 

.613 

.607 

.4 

.637 

.631 

.824 

.618 

.612 

.606 

.5 

.643 

.633 

.627 

.621 

.615 

.610 

.605 

.699 

.693 

.686 

_                     .6 

.065 

.640 

.630 

.624 

.618 

.613 

.609 

.605 

,600 

694 

,688 

.681 

L 

.651 

.637 

.628 

.622 

.610 

.611 

.607 

.604 

.tilll    .696   .690 

685 

.eeo 

■ 

.648 

.634 

.626 

.620 

.61.^ 

.610 

.608 

.603 

.6(11    .596,. 691    .587 

.CSS 

w 

.840 

.632 

-624 

.618 

.613 

.60S 

.605 

.603 

.6.11    ,697   .592  i, 589 

.«s 

■                     1.0 

.644 

.631 

.623 

.017 

.612 

.608 

.005 

.603 

.liini     597   .593,. 590 

.S86 

1.2 

.641 

.628 

.620 

.615 

.610 

.606 

.604 

.602 

.tliiii     598   .594.  692 

689 

1.4 

.633 

.825 

.61fl 

.613 

.600 

.605 

.603 

.601 

y.'V>     -,'.\'.i    695 '.593 

.691 

H                     ^^ 

.638 

.624 

.617 

.612 

.608 

.605 

.602 

.001 

.600    .-MM   .696 

,S»4 

.8M 

L          IB 

.631 

.623 

.615 

-en 

.607 

.604 

.603 

.601 

.590 

.680    .597 

.694 

.691 

■ 

.632 

.621 

.614 

.610 

.607 

.604 

.001 

.600 

.599 

.589 

.597 

.696 

.694 

w 

.629 

.610 

.612 

.608 

.605 

.603 

.601 

.600 

.500 

.589 

.598 

.696 

.696 

■                     3.0 

.627 

.617 

.611 

.606 

.604 

.603 

.601 

.600 

.509 

.588 

.598 

.697 

.G96 

a.s 

.636 

.616 

.610 

.606 

.604 

.602 

.601 

.600 

.599 

.598 

.598 

.597 

m 

4. 

.623 

.614 

.608 

.605 

.603 

.602 

.600 

.699 

.590 

.59^ 

.597 

.597 

.m 

S. 

.031 

.813 

.608 

.605 

.603 

.601 

.599 

.599 

.588 

.588 

^J 

.590 

m 

6. 

.818 

.611 

.607 

.601 

.602 

.600 

.599 

.599 

.598 

.588 

.597 

.500 

.m 

1. 

.616 

.608 

.606 

.603 

.601 

.000 

.-o99 

.598 

.598 

.588 

.587 

.580 

.596 

a 

.OH 

.608 

.805 

.6M 

.601 

.600 

.589 

.598 

.598 

.597 

.506 

.588 

M 

9. 

.613 

.607 

.604 

.602 

.600 

.588 

.589 

.598 

.507 

.597 

.596 

.690 

.5BJ 

10. 

.611 

.606 

.603 

.601 

.599 

.598 

.598 

.597 

.597 

.597 

.596 

.586 

.5fli 

20. 

.901 

.600 

.599 

.598 

.597 

.'>96 

.586 

.596 

.586 

.586 

.596 

.585 

_                    50.  (?) 

.590 

.598 

.595 

.595 

.594 

.594 

.684 

.594 

.504 

.594 

.584 

.593 

fc             100.  (?) 

.583 

.593 

.592 

.592 

.592 

.592 

.692 

.592 

.592 

.592 

-592 

.592 

I          ^ 
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TABLE  XVI 


J»Aiit*g  Coefficients  of  Discharge  for  Vertical  Circular  Orifices  * 
Square-edged  clean-cat  holes  bored  in  thin  gun-metal  plates 


1 

n 

Apfboximatb  Diamxtbr  op  Okificb  in  Incueh 

1}           1}           2           2J           2i 

2i 

3 

Oitv-icx 

Absolute  Abka  ik  Squarb  Fbbt 

.oo:u6 

.00852 

.012281 

.016749 

.021806 

.027576 

.033898 

.040933 

.049139 

^v-vt 

0.^5 

.616 

.614 

.616 

.610 

.616 

.612 

.607 

.607 

.609 

I-OO 

.613 

.612 

.612 

.611 

.612 

.611 

.604 

.608 

.609 

1^5 

.613 

.614 

.610 

.608 

.612 

.608 

.605 

.605 

.606 

X.SO 

.610 

.612 

.611 

.606 

.610 

.607 

.603 

.607 

.605 

l.W 

.612 

.611 

.611 

.605 

.611 

.605 

.604 

.607 

.605 

2.O0 

.609 

.613 

.609 

.606 

.609 

.606 

.604 

.604 

.605 

Judd  and  King's  Coefficients  of  Discharge  for  Vertical  Circular 

Orifices  in  a  Thin  Wallj 


Hsam  pbom 
Ccirnni  or 

Obipicb 


Feet 
4to94 


f 


1 


DiAMBTBB  OP  OrIPIOB   IN    INOUBS 

li  2  21 


.611 


.610 


.609 


.608 


.596 


Average  .607 


VHeisbacu's  Coefficients  of  Discharges  for  a  Vertical  Circular 
Orifice  in  a  Thin  Wall.    Diametbr  =  .033  Feet  (.1  m)  t 


Head,  .066  ft. 


Head,  340  ft. 


C,  .600 


Smith's  Coefficients  of  Discharge  for  the  Flow  of  Mercury  and 
Oil  Through  a  Circular  Orifice  in  a  Thin  Wall.  Diameter 
=  .02  Foot  § 


Head  in  feet.  .  .  . 
Cior  Mercury  .  .  . 
C  ior  Lubricating  Oil 


.5 

1.0 

1.5 

2.0 

2.5 

3.0 

.618 

.607 

.601 

.598 

.597 

J}9b 

.750 

.735 

.728 

.724 

.721 

.720 

.594 
.718 


•J.  6.  Malr,  Proceedings  Institute  of  Civil  Engineers,  vol.  84,  p.  427. 

\Eng^g  yews,  1906.        J  Weisbach's  Mechanics,       §  II.  Smith,  Jr.,  Hydraulics. 
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TABLE  XVII 

■           Smith 

B  CoBFriciKKTfl  or  DiscHARQE  FOR  VesTiCAL  Sqitark  Ottificn 

W          A[.t>llcab 

e  utrtclly  only  lo  Tertical  square  orlBces  in  a  flat,  rigid,  Ihio  w»U,  witL  (i 

thould  lie  niBds  tor  latermedlste  vuIum. 

1I»R 

rani 

SlBI  ur  GOCUI  Df    PlBT 

Onu 





OuritH 

.02 

M 

.01 

.05 

.07 

.10 

.12     .15 

.20 

.40 

.60 

.SO     1 

QiA 

.842 

.0.12 

.623 

.616 1 .610 

.4 

.643 

.8a7 

.828 

.621 

.616 

GOB 

.5 

-848 

MS 

.683 

.625 

.61  ii 

.014 

.609 

.603 

.697 

.C88 

.6 

.dQO 

.045 

.030 

.030 

.623 

.617 

.613 

.810 

.604 

.698 

.692 

.680 

.7 

.060 

Mi 

.083 

.628 

.621 

.616 

.812 

.809 

.805 

.600 

.694 

.689  ;.C 

.8 

,052 

M» 

-oai 

.625 

.620 

.815 

.611 

.008 

.6(15 

.600 

.596 

.691 1 .{ 

.9 

.66(1 

.B.-!7 

.820 

.023 

.019 

.614 

.610 

.008 

.005 

.601 1  .598 

,593  .1 

1.0 

-ftW 

.030 

.028 

.022 

.018 

.613 

.610 

.808 

.005 

.S02   .699:595  .S 

1.2 

.im 

.6:a 

.023 

.020 

.616 

.611 

.609 

.607 

.605 

.603 

.600 

.598,. i 

1.4 

.012 

.(WO 

.823 

.618 

.614 

.810 

.608 

.806 

.805 

.604 

.601 

-699  .« 

1.6 

.810 

.823 

.621 

.617 

.613 

.609 

.807 

.806 

.605 

.01(5 

.601 

.600  .E 

i.e 

.033 

.027 

.820 

.016 

.012 

.609 

.607 

.608 

.(HTi 

.005 

.003 

.601.6 

3,0 

.637 

.820 

.019 

.015 

.012 

.608 

.600 

.606 

.005 

.6i).^ 

.804 

.601  .6 

2.5 

.03* 

.024 

.017 

.013 

.810 

.607 

.608 

.606 

.005 

.605 

.604 

eoa  .e 

3.0 

.«32 

.6-« 

.816 

.612 

.609 

.607 

.006 

.606 

.605 

.605 

.604 

.803  .fl 

3.3 

.am 

.6^1 

.615 

.611 

.809 

.607 

.600 

.605 

.605 

.805 

.604 

.60.1   .6 

4.0 

.026 

.«I8 

.614 

.610 

.603 

.600 

.600 

.605 

.006 

.605 

.6lB 

.60;)  .« 

5. 

.<m 

.«i7 

.613 

.610 

.6117 

.006 

.005 

.605 

.601 

.604 

.603 

.602  .fl 

6. 

.«3S 

.610 

.613 

.600 

.607 

.805 

.605 

.605 

.004 

.604 

.603 

.6iri  .« 

». 

.fl2I 

.61 S 

.611 

.608 

.607 

.805 

.605 

.oot 

.604 

.604 

.603 

.0112   .8 

a 

.flIB 

.613 

.610 

.608 

.600 

.605 

.604 

.604 

.604 

.6*B 

.sm 

.002   .8 

9. 

.013 

.012 

.000 

.607 

.606 

.601 

.604 

.604 

.603 

.603 

.602 

.602  .fl 

10. 

.010 

.011 

.008 

.608 

.6a-> 

.604 

.604 

.60.1  j  .003  1 .60-1 

.602 

.602  .fl 

2a 

Mm 

.((05 

.604 

.OUS 

.602 

.6021.602 

.602   .602  '  .801 

.001 

.601    .fl 

so.O) 

.ens  j  .001 

.001 

.6(11 

.001 

.600  .aw 

.600   .600    .600 

MO 

.599  .; 

ioa(ri 

.SSHt 

.■m 

.598 

.:m 

..lOS 

.rm 

.5»8 

.508 

.398 

.50S 

.508 

.598'i 
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TABLE  XIX 

\ 

COKFFICIENTH    0 

V  Discharge  for  Vektical  Rectangular  Obifick^^    » 

A  This  Wall,  with  Full  ok  Nkarly  FutL  Contraction 

LoNOBR  DniKssioN  Vkrtica 

Length  (ft.)  L 

.0329 

.0583 

.IHioB 

.01136 

3165 

1262 

X»^-5« 

Height  (ft.)  0 

.132 

.234 

-Ifii 

.656 

>835 

as 

i-*»«a 

Ratio  1 

1  to4 

1  to4 

2to5 

ItolO      1 

toIS      1 

to  16 

1 »-.-»« 

Authority 

Bovey 

Bovey 

Lesbiw. 

Leabros    Borey  1  BoTcy 

I^»»TO 

ll^a  in  ra>l 

1 

1 

645    1    .M4     I 

J71 

mz 

-G  r»o 

2 

,     .(t-li           .839 

6.-17 

a:*) 

-B  ^'.5 

3 

.6            .633 

6411 

Mh 

.S=2B 

4 

1     "■            .627 

J43 

641 

.e^^^s 

9 

.622 

830 

6:)f) 

.a^ 

6 

j    .616 

B36 

6;I7 

7 

j 

J33 

636 

8 

332 

63* 

9 

331 

633 

10 

1     ■"■"    1 

320 

632 

20 

.QUO    1    .620    1              1 

622 

829 

_- 

Drummohd's  Cokfficirnts  of   Dischargr  i 
Orificks  Cut  with  Squake  Edges  u 


)R  Vertical  Recta  kg  i;l. 
Thih  Brass  Platrs 


Length  in  feet  L     .167 


^33       .042       .tiS — -' 


Itol     4tol     lto4    2tol     lto2     Stol     lto8     1 


Thomas  Druumond  * 


6"  =  0.500' 
7"  =  0.583' 
8"  =  0.66T' 
10"  =  0.833' 
12"  =  1.000' 


•  Trans.  Canadian  Sue.  C.  E.,  vol.  14,  lUOO,  p.  131. 
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HYDRAULICS 


ProbleiuB 


1.  With  ft  head  of  300  feet  in  the  supplj  pipe,  what  time  would  be  requinc^ 
to  put  2000  gallons  of  water  into  a  steam  lioiler  through  a  3-inch  diameler* 
orifice  L'  feel  below  the  surface,  when  the  gauge  reads  60  pounds  per  squire 

2.  What  head  is  required  to  discharge  380  cubic  feet  per  uiinuw  through 
an  orifice  4  inches  high  and  tl  Inches  wide? 

3.  The  injection  orifice  of  a  marine  engine's  condenser  is  10  feet  below  aei 
leret ;  the  vacuum  gauge  on  the  coudeuaer  reads  24  inches.  With  what  velocit] 
will  the  'lyaler  enter  the  opening?     Specific  gravity  of  sea  water  =  1.0*25. 

4.  The  injection  oriliceH  of  the  jet  condenser  ot  a  marine  engine  are  6  fed 
Iwlow  the  surface  of  sea ;  the  vacuum  gauge  on  the  condeuner  reads  20  incbei 
Compute  the  velocity  ot  flow  and  area  of  a  circular  orifice  needed  to  delivei 
300.000  galloas  per  hour. 

5.  A  vertical  tank  has  an  orifice  3  inches  in  diameter,  set  i.(t2  feet  above 
bottom.  Head  on  orifice  equals  49  feet.  Find  distaace  from  bottom  ot  tank 
to  place  where  stream  strikes  the  grouud.     C   =  .1175. 

6.  Compute  the  discharge  from  a  circular  orifice  3  inches  In  diameter  unde 
a  head  of  Ifi  feet. 

7.  Compute  the  discharge  from  a  rectangular  orifice  3  feet  wide  by  1  foe 
high;  head  Is  2  feet  on  tup  edge  of  orifice. 

8.  Compute  the  discharge  through  a  circular  orifice  9  inches  in  diametM 
under  a  head  ot  67  feet. 

9.  Compute  the  di.^charge  through  a  reetanguiar  orifice  1  foot  wide  by  L 
feet  high  under  a  head  of  10  feet. 

10.  Compute  the  discharge  from  a  vertical  orifice  0  iaches  high  by  6  incl>. 
wide,  when  the  head  upon  the  upper  edge  is  31  feeL 

11.  Find  the  probable  time  necessary  tii  empty  a  cylindrical  tank,  12  Iff 
in  diameter  and  30  feet  high,  through  a  circular  orifice  8  inches  in  diameC 
placed  in  the  side  with  its  up[ier  edge  1  foot  above  the  bottom. 

12.  A  prismatic  basin  25  feet  by  20  feet  contains  water  50  feet  deep  and  ba 
an  opening  1  foot  square  in  the  side  with  its  lower  edge  at  the  bottom.  Hf 
long  will  he  required  to  lower  the  water  surface  4^1  feet? 

13.  Submerged  orifice.     Heads  coustaut.    Depth  of  water  on  one  aide 
feet ;  on  other  aide  13  feet.     Orifice  I  foot  square.     Compute  the  discharge. 

14.  A  canal  lock  400  feet  long  by  70  feet  wide  liiu  a  lift  of  10  feet.    Th« 
are  two  sluices  each  10  feet  wide  by  2  feet  high,     The  head  on  the  top  edgft 
the  sluice  is  12  feet.     How  long  will  it  take  to  fill  the  lock? 

15.  The  inner  faces  of  the  walls  of  a  lock  chamber  have  a  batter  of  1  iw* 
to  1  foot.  Its  length  is  500  feet  and  its  width  at  top  of  water  is  80  feat.  T 
two  sluices  for  emptying  are  8  feet  wide  by  2  feet  high.  The  top  ot  t^< 
opt-ning  is  20  feet  below  water  in  Itick  and  8  feet  below  water  iu  canal  belo' 
How  many  minutes  will  emptying  require? 


CHAPTER   X 


ORIFICBS   (Continued) 

Mouthpieces.    Short  Tubes.     Conical  Tubes.     Sluices 

185.  An  orifice  extended  either  inwardly  or  outwardly  in  a 
direction  nearly  parallel  to  the  axis  of  the  jet  in  a  manner  that 
will  modify  its  flow  is  usually  called  a  mouthpiece,  a  short  tube, 
a  conical  tube,  a  sluice,  or  a  nozzle,  according  to  the  shape  and 
dimensions  of  the  ajutage.  Most  of  the  types  here  mentioned, 
though  illustrating  important  principles,  have  little  value  as 
measuring  devices  on  account  of  the  lack  of  precise  coefficients, 
and  because  simpler  forms  of  measuring  apparatus  can  be  used. 
Nozzles,  however,  are  so  useful  as  water- 
measuring  devices,  as  well  as  for  direct- 
ing jets  of  water,  that  they  will  be 
separately  discussed  in  Chapter  XI. 

186.  Borda's  mouthpiece.  A  short 
cylindrical  tube  projecting  inwardly 
of  such  dimensions  that  the  jet  secures 
full  contraction  and  does  not  again 
touch  the  tube  is  usually  called 
'*Borda*8  mouthpiece."  The  inner 
6dge  of  the  tube  must  be  relatively 
thin;  and  its  length  should  be  about 
^ual  to  the  radius  of  the  opening. 
See  figure  53. 

The  coefficient  of  velocity  for  such 
*  tube  is  probably  nearly   .99;    but 
the  contraction  of  the  jet  is  even  more 
pronounced  than    for  an  orifice  in  a     Fiq.  53. -Borda's  Mouthpiece, 
thin  wall  with  full  contraction  ;   hence  its  coefficient  of  discharge 
w  less.    The  jet  is  clearer  in  appearance  and  maintains  its  coher- 
®^  for  a  longer  distance  than  for  any  other  kind  of  orifice ;   and 
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its  coefficient  of  discharge  is  supposed  to  be  neurly  constant    ^r 
any  head.     It  is  in  effect  an  oriBce  in  a  thin  wall. 

There  liave  been,  however,  but  few  experimental  determinatioDS 
of  the  coefficient  of  discharge;  its  mean  value  from  the  exper' 
inients  of  Borda,  Bidoni,  and  Weisbach  is  .53.     Hence 

187.    The  reentrant  short  tube.     If  a  cylindrical  tube  set  a 
figure  53  has  a  length  of  from  2  to  3  diameters  instead  of 
dinuieter,  the  jet,  after  contracting,  will  again  enlarge  as  in  th^^ 
standard  short  tube  (§  188)  and  fill  the  bore;  and  the  discharger 
will  be  greater  than  for  Borda's  mouthpiece. 

Coefficients  of  discharge.  The  mean  value  of  the  coefficient  of 
(llsoharge  (  C )  for  reentranl  tubes  is  usually  given  as  about  .72. 

Recent  experiments  by  H.  J.  I.  Bilton  ■  give  the  following 
values  of  C  for  heads  from  .5  foot  upwards;  higher  limits  not 
stated.     Length  of  all  tubes  'JJ  diameters. 

DinmeMr  of  tulie  in  inches,     1        )        t        1        I        1        li        -        -i 
Coefficient  of  discharge,         .81      .87      .85      .83      .81      .78      .77        .76      .75 

Therefore  Q  =  .72  to  .91(2  ^A,)'  ^'. 

The  head  lost  in  a  reentrant  tube,  taking  C=  .72. 
does  not  contract  on  leaving  the  tube,  the  coefficient  of  discharge 
is  taken  to  be  identical  with  the  coefficient  of  velocity ;  then  (see 
§  184). 

1S8.  Standard  short  tubes.  A  cylindrical  tube  with  the  entrance 
end  set  flush  in  a  flat  wall,  having  a  length  of  from  2  to  3  diam- 
eters, is  commonly  called  a  standard  short  tube.  Figure  &4  shows 
such  a  tube. 

Let  r=  velocity  at  EF; 

r;,™  velocity  at  the  contracted  section  (<7i>); 
P^  3  int«n8ity  of  pressure  in  the  tube  at  CD  \ 
p,  —  atmospheric  pressure  on  water  surface,  am 

■  Ag>.  .VriM,  Jul;  9,  IMS. 


(2) 
As  the  stream 
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D  the  stream  is  con- 
to  about  the  same 

t  dimensions  as  if  it 

discharging     freely 

r  from  an  orifice  in 
wall;    but    if    the 

of  sufficient  lengfth, 

about  2  to  3  diam- 

lie  jet  will,  after  con- 

l^  expand  and  again 

i    tube    at  the   dis- 

end  JEF^  thus  sealing 

he    atmosphere    the 

round  CD.     The  air 

ned  in  this  space  is 

re  rarefied  by  the 
water,  which  acts 

ir  pump.     Thus  the 

^y  of  pressure   (^p^) 

point  being  less  than 

heric    pressure,    the 

^  Vc  will  be  in  excess 

velocity  due   to   the  Fio.M.  — standard  Short  Tube. 

ed  head  A^.      V^  may  be  computed  as  follows : 
Bernoulli's  theorem 
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^XXVVSXNX\XX\XNXXV«C 
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^i 
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K  +  ^= 


Po+    VJ" 


^ffC,^ 


(A) 


(B) 


i 


11(1-  - 1)^ 

Q  =  C,a  C\  [2  ff  (h,  +  ^-  =^«) J  =  C,a  V,.  (C) 

ormula  (C)  does  not  include  losses  due  to  sudden  enlarge- 
etween  CD  and  EF^  and  as  Cc  and  p^  are  difficult  to  deter- 
he  simple  orifice  formula  is  commonly  used ;  viz. : 

Q^  CaV^Ca(2gK^^,  (D) 

coefficient  of  discharge  for  the  tube  as  a  whole. 
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Coefficients  of  discharge  for  short  tubes  have  not  been 

determineil.     \VeUb:n;li*  ^ave  values  of  C  for  tubes  \ 
ill  lougth,  under  iietida  .75  to  1.97  feet  as  follows : 
Diametera,  feet,  .033  .066  .098 

.84  .83  .82 

For  a  mean  value  of  0,  Weisbacli  gave  .81.5.     The  v 
ally  used  is  .82. 

e=.82^(2A)l. 

Ttie  head  lost  in  a  short  tube  computing  as  for  an  ori 
2ff\ 


Head  lost  A*  = —  (  — -;—  1  )=  .487  —  ;  nearly  enoi 
2^V.82"       ;  -Ig 


Since  the  stream  on  leaving  the  tube  at  EF  has  no  c 
the  coefficient  of  discharge  is  taken  to  be  identical 
coefficient  of  velocity  at  EF^  and  so  used  in  computin| 

(§ ]«*)■ 

This  apparatus  does  not  increase  the  actual  energy ; 
makes  available  a  part  of  the  energy  which  is  unused 
the  contraction  of  the  jet. 

The  intensity  of  pressure  p^  can  never  be  such  as  wil 

discharge  through  the  contracted  section  to  exceed  — 

actually,  it  is  always  less,  on  account  of  losses  due  to  f 
sudden  change  of  section;  nor  can  p,,  be  less  than  1- 
per  square  inch  below  atmospheric  pressure.  There  it 
theoretic  relation  between  h,  and  p^  which  may  be  ( 
follows : 

By  Bernoulli's  theorem 


^-t=l^-f 

+2/0^  1)  2i,(?.+^;- 

Hence 

'"        A 

From  (C)  end  (D), 

e=c,«r,  =  or-c<i(2 

Ti T7-  _   ^  /-a  _ 

1,1.  __.  V?    rc\\ 

*  Mechania,  Coxe'a  Translation,  p.  854. 
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From  (A)  and  (E),        ^  +  ^  =  ^^  +  ^.  (H) 

Substituting  from  (F)  and  (G),  ^«  =  ^  +  A,  -  (^)\-      (5) 

If  <7=  .82,  Ci  =  .63,  and  C^  =  .995  ((7^  and  C^  apply  to  the  area 
at  01Z>),  equation  (5)  becomes  ^=  33.9  -  .72  A^. 

If  a  water  barometer  were  inserted  at  (72),  the  water  in  its  tube 
should  rise  to  .72  h^  If  the  tube  were  shorter  than  .72  A^,  the 
water  would  be  sucked  up  through  the  tube  and  discharged  at 
the  outlet. 

In  experiments  by  Venturi  and  Weisbach,  the  water  rose  from 
•7  to  .8  A,. 

A.  short  tube  has  little  practical  value  as  a  water-measuring 
fevice. 

X89.  Long  tubes,  or  short  pipes.  A  similar  contraction  takes 
pla.ce  at  the  entrance  of  tubes  of  greater  length  than  3  diameters ; 
aiid  the  amount  of  the  contraction  will  depend  upon  the  form  of 
ttie  entrance.  In  general,  for  want  of  very  precise  information, 
the  assumption  must  be  made  that  the  jet  inside  any  pipe  will 
form  as  if  issuing  into  the  air  from  an  orifice  shaped  like  the  pipe 
entrance  ;  from  what  is  known  of  jets  from  orifices  we  may  assume 
»»  suitable  coefficient  and  compute  the  diameter  of  the  contracted 
section,  and  therefrom  deduce  the  lost  head  in  entrance  and  en- 
largement. If  the  pipe  is  longer  than  3  diameters,  the  friction 
l^^ad  lost  in  the  pipe  must  also  be  added  to  the  head  lost  in  the 
tube. 

See  Chapter  XV  for  flow  in  pipes. 

190.  Bell-mottthed  orifices.  If  the  entrance  to  an  orifice  is 
Squally  rounded,  the  contraction  of  the  jet  will  be  almost 
entirely  suppressed ;  that  is,  C^  will  be  nearly  unity ;  in  any  case 
^^^  discharge  will  be  materially  increased. 

^^e  area  of  a  bell-mouthed  orifice  Is  measured  at  Its  smaller  or 
^otlet  end.     For  the  orifice  shown  in  figure  66,  which  was  made  to 
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coiifui'ui  aa  nearly  as  possible  to  the  shape  of  a  jet  from  vt 

in  11  thiD  wall, 

^S  = -042  foot,  CD  =  .OZZ\ 

EF  =  .0165  foot,      radius  =  .054  l 

Weisbach*  found  the  following  coel 

of  diacharge : 

4^  in  feet,        .069        1.64        11.48        55.77 

C,  .950        .867        .875  .OM 

Compare  these  coefficients  with  tb 
riu.  oa.  —  iicii-inouthed     Weisbach's  orifice  of  same  diameter  ii 
Otiiioe.  wall.     (See  Table  XVI.) 

The  orifice  shown  in  figure  50  is  Ellis's  f  horizontal  squi 
merged  orifice  with  a  wooden  mouthpiece  attached.  The 
of  the  opening  was  a  quarter  ellipse  of  which  the  semidii 
were  .5  foot  (vertical)  and  .33  foot  (horizontal). 


-  SO€Jt7/-e 


Flo  .Vi.  — Hof 


>nul  BcU-mouthed  Orific«. 


The  coeffldents  of  discharge  |  for  this  oriSce  were  as  { 
I,  in  feel,       3        4        (i        S        It!       IS 
C,  .»S0    .fi4s   -'.^ih  .iM;)    .i>43     M\ 

Compare  these  with  the  coellicients 
for  the  same  orific«  without  the 
noutIipie««.     (S«e  Table  XXI.) 

191.  Coaicil  anTcrgiiig  tnbes.    S«« 

tig^ire  57.     Castel'&  experiments  give 

•  V««b*ch's    JbeWate*,  Cow's  Tnnala- 

t  TVu*.  Am.  *K.  C.  K..  I8TU,  VoLt,  PlIII. 
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the  most  complete  set  of  coefficients  for  conical  converging  tubes. 
The  quantity  discharged  in  determining  these  coefficients  was 
measured  volumetrically.  The  area  a  was  at  (72),  the  smaller  end. 
The  following  Table  XXII  contains  part  of  Castel's  coefficients 
for  use  in  the  formula : 

TABLE  XXII 
Castkl'b  •  Coefficients  for  Converging  Tubes 


LnOTHB.131  FOOT 

d— j06  foot 

Length  » .164  foot 

(2».066  ] 

POOT 

t 
0 

C 
.829 

16°  36' 

C 

.938 

a 

2°  50' 

C 
.914 

a 

13°  40' 

C 

.956 

VW 

.866 

19**  28' 

.924 

5°  26' 

.930 

15°  2' 

.949 

2^W 

.895 

28*>00' 

.914 

6°  54' 

.938 

18°  IC 

.939 

4M0' 

.912 

30*  OC 

.895 

10°  3^ 

.945 

23°  4' 

.930 

5^26' 

.924 

40°  2(y 

.870 

12°  IC 

.950 

35°  52' 

.920 

7^*52' 

.030 

48°  50' 

847 

13*24' 

.946 

Length  »  J3 

SSfoot 

d  =  .01)6  FOOT 

a 

11°  52' 

C 
.965 

16°  35' 

C 
.951 

Preenum's  experiments.  J.  R.  Freeman  f  made  experiments 
on  a  nozzle  attached  as  shown  in  figure  72,  Chapter  XI, 
except  that  the  tin  cone  was  removed.  The  discharge  was  meas- 
wed  volumetrically. 

The  coefficients  of  discharge  determined  were  as  ^follows : 

Observed  head  h„  120.1        119.7        46.7 
C,  .987         .985         .990 

For  further  discussion  of  conical  converging  tubes,  see  Nozzles, 
Chapter  XL 

192.  Experiments  by  Brownlee  X  on  the  tube  shown  in  figure  58 
gave  the  following  results : 


C,     .941 


*  Taken  from  Weisbach's  Mechanics. 

t  Trans,  Am.  8oc.  C.  E.,  vol.  24,  1891,  p.  499. 

t  Inst.  Engrs.  and  Shipbldrs.  in  Scotland,  vol.  19,  p.  100. 


2 

4 

6 

8 

10 

12.5 

.946 

.959 

.961 

.963 

.965 

.966 

ih:  S 


For  A,  =  0.82  to  10.82  feet,  takiog  for 
the  »re«  at  AB;  C  =  M9. 


');lii^-  Tube  set  in  a  mpe. 
If  a  conical  diverging  tube  lias 
a  sharp  edge  at  entrance, 
the  jet  will  contract  in  tlie 
tube  juat  beyond  the  en- 
trance i  again  expand ;  and 
if  the  angle  of  divergence 
is  not  too  great,  not  more 
than  about  8°,  will  again 
fill  the  tube  at  the  outWt. 
Figure  59  shows  a  tube  of 
this  character,  used  by 
Fio.  S9.  — Coolul  Dlrarging  Tabs.  Weisbach.* 

If  the  entrance  is  shaped  nearly  like  the  contracted  vein  from 
an  orifice  in  a  thin 
wall,  the  stream 
will  follow  very 
closely  the  walls  of 
the  tulw;  and  the 
discharge  will  be  -=— - 
grenter  than  when 
tlu'  inh'I  edges  are 

j.jj^.  Taking  as  o  the  area  at  CD;  C  =  1.55. 

Figure  l>0  shows  ^^  «*  -C™»«1  DivergiPC Tabe. 

a  uit'o  nsed  hy  EvteUvein  (taken  from  \Veisbach),t 

•  WeUlxicirs  .VrrAnNirj.  Coxe's  TnuislBUon,  p.  SOI.  t  Ibid.,  p.  883 
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In  either  of  the  above  two  cases  the  intensity  of  pressure  at  the 
contracted  section  is  less  than  atmospheric ;  and  the  discharge  is 
usually  greater  than  would  be  computed  for  a  given  head  on  the 
center  of  the  contracted  section  if  the  area  of  that  section  is  used 
in  computing  the  discharge,  and  less  than  if  the  area  at  the  la,rge 
end  (^EF)  is  called  the  area. 

194.  Compound  tubes.  The  following  figure  and  table  of  coeffi- 
cients illustrate  the  effect  of  a  partial  vacuum  at  the  contracted 
section  upon  the  discharge  from  a  tube ;  the  area  of  the  tube  was 

measured  at  its  smallest  section. 
The  tube  shown   in  figure  61  is  from  experiments  of  J.  B. 

Francis.*     The  smallest  diameter  was  .1  foot. 


IMC 


Pabts 

Hbad,  Pt. 

C 

A 

AhB 

AB&.C 

.088  to  1.61 
.020  '»  1.47 
.014  '*  1.81 

0.81  to  0.94 
1.15  "  1.69 
1.42  ♦'2.16 

ABC&.  D  .014  **  1.86  1.88  "  2.48 
Whole  tub«  .014  ''  1.41    1.44  **  2.42 

All  for  diameters ■■  0.1  foot. 


Fio.  61.  —  Francis's  Compound  Tube. 

*'Boyden's  diffuser"  for  outward  flow  turbines  is  a  practical 
application  of  the  phenomenon  observed  in  these  tubes,  and  serves 
the  same  purpose  for  an  outward  flow  turbine  that  a  draft  tube 
does  for  an  inward  or  mixed  flow ;  that  is,  it  acts  as  an  air  pump 
at  the  discharge  orifices  of  the  runner.     See  figure  167. 

195.  Sluices  in  open  channels.     Sluice  gates  in  open  channels 
in  which  the  area  of  the  opening  is  nearly  as  large  as  the  cross- 
sectional  area  of  the  channel  have  been  proved  to  be  unsatisfac- 
tory devices  for  measuring  flow,  because  of  the  relatively  great 
eflFect  of  velocity  of  approach,  and  of  partial  and  unknown  sup- 
pression of  contraction.     Few  coefficients  are  available,  and  these 
are  usually  not  applicable  to  other  than  the  opening  for  which 
they  were  obtained. 

For  any  acttud  sluice  satisfactory  coefficients  may  be  obtained 
for  different  positions  of  the  gate,  and  for  variations  of  up- 
stream and  downstream  surface  water  levels,  by  current  meter 
or  rod  float  or  other  measurements. 

The  following  examples  will  illustrate  the  wide  divergence  in 
coefficients  for  sluices. 

«  Lowell  Hydraulic  Experiments^  4th  ed.,  pp.  212  et  seq. 
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Bellftsia*  gives  the  following  coefficients  for  sluice  gates; 

Ki9D  or 

™»J 

'ZZT 

lliu. 

Sluice 

See  figure 

m 

As  shown 

with  bosrii* 

CF  or  on 

added 

2.0  ft. 
Same 

1.3HoO.HJfl 

Same 

.33  to  B.8  ft. 
measured 

from  npper 
edge 

.CI  t 

.Mt 
(arer 
Max.) 

1ft 

Sluice 

In  wood  1.77 

ft  thick  at 

bottom,  0.87  ft 

elaewheie 

4.965 
4.265 

1.7  ft 
0.3Sft 

6  to  14  ft. 
measured 
from  center 

.ft 

IronGkte* 

Working  in 

maaoinj 

heads 

No  contraction 

at  bottom  and 

sides 

4  to  10  ft. 

8  to  3  ft 

.25  to  4.8 

.721 

Weifibach  gives  the  sluices  shown  in  figure  63. 


a:  =  45"  C  =  .SO 

oc  =  63}=>  C=  .74 
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TABLE  XXin 
vmtg^^,  Shiioe.    Yalub  or   Coefficients*  of  Dischabge  for   Flow 

TBROCTGH   HORIZONTAL    SUBMERGED    TUBB,   4    FeET    SQUARE,    FOR    VaRI- 

[)U8  L.:^£NGTH8,  Losses  of  Head,  and  Forms  of  Entrance  and  Outlet 


Mor       1 

Fomm  OF 

Ektsahcb 

AWD  Otrrurr 

Lbnoth 

or  Tube, 

iw  Fbkt 

tar          1 

0.31 

0.62 

1.25 

2.50 

5.00 

10.0 

14.0 

.05 

A    • 

.631 

.650 

.672 

.769 

.807 

.824 

.838 

a 

.672 

.742 

.810 

.848 

b 

.740 

.769 

.832 

.862 

e 

.834 

.769 

.875 

.890 

c' 

.875 

d 

.948 

.943 

.940 

.927 

.931 

.10 

A 

.611 

.631 

.647 

.718 

.763 

.780 

.795 

a 

.636 

.698 

.771 

.801 

b 

.685 

.718 

.791 

.813 

c 

.772 

.718 

.828 

.841 

& 

.830 

d 

.932 

.911 

.809 

.892 

.893 

.15 

A 

.609 

.628 

.644 

.708 

.758 

.779 

.794 

a 

.630 

.689 

.767 

.803 

b 

.677 

.708 

.787 

.814 

e 

.765 

.708 

.828 

.839 

c' 

.829 

d 

.936 

.910 

.899 

.893 

.894 

.20 

A 

.609 

.630 

.647 

.711 

.768 

.794 

.809 

a 

.632 

.694 

.777 

.819 

b 

.678 

.711 

.796 

.833 

e 

.771 

.711 

.838 

.856 

c* 

.846 

d 

.948 

.923 

.911 

.906 

.905 

.25 

A 

a 

b 

c 

d 

d 

.610 
.634 
.683 
.779 

.965 

.634 

.652 

.720 
.705 
.720 
.720 

.938 

.782 
.790 
.809 
.854 

.928 

.812 

.828 

.80 

A 

a 

b 

e 

c' 

d 

.614 
.639 
.689 
.788 

.980 

.639 

.660 

.731 

.796 

.832 

.850 

BesaltB  of  experiments  made  at  the  hydraulic  laboratory  of  the  University  of 
Ifuconsin  by  C.  B.  Stewart,  on  the  discharge  through  orifices  and  tubes  four  feet 
;qaare  and  of  yarioos  thicknesses  or  lengths  and  with  various  conditions  of  con- 
raction.    In  comimting  C,  velocity  of  approach  was  neglected. 

•  Mead's  Water  Power  Engineering^  p.  46. 
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3.  Compate  the  dischaige  through  a  short  tube  2  inches  in  diameter  under 
a  head  of  2  feet.  Determine  the  loss  of  head.  Compate  the  intensitj  of  pra^ 
sore  inside  the  tube  around  the  contracted  area. 

4.  If  the  ooefiloient  of  contraction  (C^)  of  the  contracted  section  of  theToa 
discharging  through  a  short  tube  is  .08,  and  C^  is  .98,  find  negative  pressure 
head  in  terms  of  A^* 

5.  Compute  the  discharge  through  the  bell-mouthed  horizontal  orifice  1  foot 
square  under  a  head  of  10  feet ;  also  compute  for  an  orifice  in  a  thin  wall  of  the 
same  dimensions,  and  under  the  same  hi6ad. 

S,  Compute  the  discharge  through  a  bell-moathed  orifice  (figure  56)  .OSS  ; 
foot  in  diameter,  under  a  head  of  100  feet,  and  compare  this  with  the  diecharge  i 
through  an  orifice  in  a  thin  waU  of  like  dimensions,  and  under  the  same  head. 

7.  Compute  the  discharge  under  a  head  of  4  feet  through  a  conical  conveig- 
ing  tube  |  inch  diameter  haying  the  convergence  that  will  give  the  mmxlmnm  ^ 
discharge. 

9L  A  tube  shaped  somewhat  like  Francis's  compound  tube  (figure  81) 
lias  the  following  dimensions :  diameter  of  inlet,  1  foot ;  diameter  of  tlmat^ 
3  foot;  diameter  at  outlet,  .8  foot  The  length  from  inlet  to  throat  la  8  feeti 
and  from  throat  to  outlet  9  feet.  Determine  the  mean  Telodtjr  in  the  thxoal» 
the  intensity  of  pressure  in  the  throat,  and  the  probable  dischaige  tfaroa|^  the  ^ 
tube,  if  the  head  is  10  feet. 

9.  A  veitical  bell-mouthed  pipe,  such  as  shown  in  fig^  Oi^  has  a  head  of  1| 
inches.    Compute  the  discharge. 


CHAPTER   XI 


HOZZLBB;    FLOW  OF  WATER  THROUOH  FIRE  HOSE 

197.  A  nozzle  is  a  conical  converging  tube  attached  to  the  out- 
let end  of  a  pipe  having  the  same  internal  diameter  as  the  base  of 
the  nozzle. 

Fonns  of  nozzles.  Nozzles  are  commonly  classified  as  smooth 
and  ring  nozzles. 

Smooth  nozaeles  are  gradually  tapering  bores  having  no  interior 
constrictions  to  cause  contraction  of  the  jet.  Figure  65  shows  a 
flmooth  nozzle  of  the  best  type;  its  coefficient  Q  is  about  .977. 


Fio.  65.  —  Smooth  Nozzle. 

Ring  nozzles  are  gradually  tapering  bores  into  which  are  fitted 
orifices  or  short  tubes  which  are  not  only  of  smaller  diameter  than 
the  smaller  end  of  the  bores,  but  which,  on  account  of  their  form, 
will  cause  marked  contraction  of  the  jets  as  they  leave  the  nozzles. 
The  coefficients  of  discharge  depend  upon  the  contraction  of  the 
jet,  which  depends  upon  the  form  of  the  edge  of  the  orifice,  and  the 
ratio  of  its  area  to  that  of  the  nozzle  just  behind  the  ring.  As 
the  relative  area  of  the  hole  is  decreased,  the  coefficients  decrease 
(see  Table  XXVI),  until,  if  the  diameter  of  hole  and  channel  of 
approach  have  a  ratio  of  about  1  to  7,  the  nozzle  virtually  becomes 
an  orifice  in  a  thin  wall. 
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Figure  6ti  illustrates  a  square  ring  nozzle,  for  which  C=.T- 


Pio.  GI!.-'Squ«r«  Kng  Nostlo. 

Figure  6T  illustrates  an  ordinary  knife-edge  or  undercut  i 
nozzle,  for  which  C=  .713. 


Fio.  6T.— DndercatBingNoEXls. 

Figure  68  illustrates  an  extreme  form  of  knife>edge  or  under 
cut  ring  nozzle;   practically  a  Uordii's  mouthpiece  fitted  into  . 
ring  nozzle.    The  coefficient  of  thia  pai 
ticular  nozzle  is  .582. 

Nozzlea  ar«  merely  special  forms  t 
orifices  in  which  the  contraction  of  th 
jet  is  wholly  or  partially  8uppreaae<3 
Orifice  formulas  apply,  tlierefore,  t 
nozzles;  but  must  include  the  effect  c 
the  head  due  to  velocity  of  approacl 
which  is  usually  a  considerable  part  ( 
the  total  head. 

198.   Formula  for  discharge  in  terms  of  the  pressure  head  an 

th?  diameters  at  the  base  and  orifice  of  the  nozzle  may  be  derive 
from  Bernoulli's  theorem  as  follows. 

Figure  69  shows  a  nozzle  arranged  for  measuring  discharge. 
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1^6S.  — Nonle  with  Play  Pipe  and  Mezcmeter  Arranged  lor  Meuuriog  Discbarge. 

Let  H=  the  diameter  io  feet  of  the  pipe  at  the  section  where 
the  pressnre  head  is  measured ;  viz.  just  upstream 
from  the  base  (entrance)  of  the  nozzle  or  of  the  play 
pipe  if  one  is  used. 

A  =s  the  area  in  square  feet  corresponding  to  diameter  D. 
d=  the  diameter  in  feet  of  the  nozzle  orifice. 
a  =  the  area  in  square  feet  corresponding  to  diameter  d. 

V=  the  actual  velocity  in  feet  per  second  at  the  smallest 
section  of  the  jet. 

T^=the  theoretic  velocity  in  feet  per  second  corresponding 
to  the  total  head. 

Tj  =  the  actual  velocity  in  feet  per   second  in  the  section 
where   the   pressure   head  is  measured;    velocity   of 
approach.     On  figure  69  written  V^- 
(7=  coefficient  of  discharge  =  C,C^. 

C,=  coefficient  of  velocity. 

Cj  =  coefficient  of  contraction. 

A,  =  piezometer  reading,  in  feet  of  water,  at  the  base  of  the 
nozzle,  reduced  to  the  elevation  of  the  center  of  the 
nozzle  orifice. 

P,==  piezometer  reailing  in  pounds  per  square  inch  corre- 
sponding to  Aj. 

ff,=  piezometer  reading  (Aj)  + velocity  head  (.—-];  the  total 
hydrostatic  heud  (in  feet).  """ 

p  =  {ht  +  -~ }  .433  =  total  head  in  pounds  per  square  inch. 

Q  =  thts  actual  discharge  in  cubic  feet  per  second. 
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By  Bernoulli's  theorem,  first  neglecting  irrecoverable  losa 

energy, 

A'iS  -Iff       Add       'Jiff      .■idd 

But  if  the  discharge  is  steady 

Q=^A  l\  =  CaC,  r,  =.  Ca  V^ 

Ti.       f  ir        Oar,       C^V, 

1  hereiore  V^  =  — — -'  =  — =— '■ 

Substitute  in  (1)  the  value  of  K^  from  (3), 
Phi*  I 'a      I 'a 

Transposing, 

Therefore,  the  actual  velocity 


I    Sgh, 

1-  f- 


ii 


-c.(isH,y. 


And  the  actual  discharge 

e=g8.Q2^|        *•    ^|'-06.3d'[ 5^1* 

=  C6.3£P(fi;)*. 

NoTB.  In  g  211  are  given  certain  formulae  in  terms  of  diameters  in  ii 
and  other  unite  common  to  fire  stream  practice. 

Experimental  coefficients  of  discharge  have  been  determinec 
Hamilton  Smith,  Jr.,  Ellis,  Weston,  Freeman,  and  others, 
experiments  previous  to  Freeman's  were  limited  to  a  few  of 
many  types  of  nozzles  in  use. 

199.  Freeman's  Experiments.*  In  1888  John  R.  Freeman 
ducted  at  Lawrence,  Mass.,  an  extensive  set  of  experimei 
upon  the  discharge  of  water  tlirough  fire  hose,  and  through  ooi 

•  Trans.  Am.  Soc.  C.  E..  Vol.  21,  pp.  303-482. 

t  For  the  Associated  Factory  Mutunl  Insurance  Companies. 
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I  to  1^  inches  in  diameter,  of  many  types.  His  observations  were 
made  with  a  high  degree  of  precision,  and  settled  many  important 
questions  concerning  fire  stream  discharge.  The  chief  subjects 
investigated  were : 

Camparative  efftciency  of  different  kinds  of  nozzles. 
Coefficients  of  discharge  of  nozzles. 

Loss  of  pressure  due  to  friction  in  various  hinds  of  fire  hose. 
Loss  of  pressure  due  to  curves  in  fire  hose. 
Loss  of  pressure  due  to  reduction  of  waterway  at  couplings. 
The  effects  of  area  and  form  of  nozzle  and  of  variations  in  pres- 
^ttre,  upon  the  height  and  distance  reached  by  jets. 
IHstribution  of  velocities  in  jets. 

hi  1890*  Freeman  made  a  second  set  of  experiments  upon 
smooth  cone  nozzles  If,  2,  and  2^  inches  in  diameter  to  determine 
the  coefficients  of  discharge,  and  demonstrate  the  value  of  nozzles 
M  water  meters. 


J.  The  arrangement  of  the  apparatus  used  in  both  series  by 
Freeman  was  essentially  as  shown  in  figure  70.  This  was 
modified  somewhat  in  different  experiments. 


—  Layout  of  Apparatus  in  Freeman's  Ezi>eriments. 


The  arrangements  of  nozzles  for  the  1890  experiments  are 
shown  in  figures  71  and  72. 

At  B  in  figure  71  in  some  observations  a  screen  of  wire 
netting  -was  inserted ;  in  others  it  was  absent.  Also  three  longi- 
tudinal diaphragms  or  rifle-blades  about  16  inches  long  were 
^^rted  in  some  experiments,  in  others  not.  Again  the  pipe  BQ 
^  for  some  observations  removed  and  a  piezometer  coupling 
^nly  about  three  inches  long  with  six  equally  spaced  holes  was 
attached  directly  to  the  Siamese  coupling.     None  of  these  changes 

•  IVoJM.  Am,  Sac.  C.  E,,  VoL  24,  pp.  492-627. 
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affected  the  discharge  cotiffiijienu  more  than  about  1  per  ceat  and 
usually  much  less. 

In  other  esperiments  the  nozzles  were  detached  from  the  pip« 


Pio.  71.  — rJuiile  and  Pie/omi 


9iBioes«  CoQpllug. 

and  Bianiese.  and  attaclied  to  a  cast-iron  cylinder,  as  shown  i^ 
figure  72.  with  a  view  to  eliminating  possible  error  due  to  th* 
high  velocity  past  the  pieziimeter. 


Fio,  7L'.  —  Noi/leSetuuan  Iron  Cylimiec, 

201-  The  quantities  discharged  were  measured  by  volume  in  a 
rigid  wooden  tank  lined  witli  sheet  zinc.  The  error  in  measure- 
ments of  quantity  probably  did  not  exceed  J  of  1  per  cent. 

The  time  of  each  experiment  was  determined  by  a  stop  watch  in 
the  first  series,  and  an  electric  chronograph  in  the  second  set. 
The  duration  of  each  experiment  was  controlled  by  deflecting  tlie 
nozzle  by  hand.  The  error  in  time  of  filling  the  tank  probably 
did  not  exceed  i  of  1  per  cent. 

The  discharges  in  gallons  per  minute  in  the  first  set  of  esperi-  > 
ments  were  probably  measured  with  an  error  not  exceeding  ^  of  I  .. 
per  cent ;  and  the  average  error  was  less.  In  the  second  set  thai; 
limit  of  error  was  about  ^  of  1  jier  cent. 
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202.  Heasurement  of  pressure  or  head.     Tliu  gauges  used  for  J 

measuring  intensities   of   pressure   were   open   mercury  columns 
in  glass  tubes  20  feet  in  height  and  ^^-ineh   internal  diametei 
Meiuurements  were  cheeked  by  Bourdon  gauges;    and  for  some 
rougher  determinations  they  were  used  ulone.     Figure 
73  sbowa  one  of  the  mercury  gauges.  ^^^^ 


"These  mercutj  coluraoB  wera  each  20  feet  in  height,  readrnj^ 
to  iilmnt  IIT  poiinils  per  square  inch  pressure.     Their  scale*  were 
^uuUd  to  read  directl;  in  pounds  per  square  inch,  and  to  in- 
clmls  the  correction  tor  lowering  of  surface  of  mercury  in  ciatern 
"The  mercury  was  procured  from  Mr,   Hnddleaton,  the  well- 
bowii  liaronieter  maker,   who  statetl  it  to  be  pure.     The  value 
I3,J63  for  specific  gravity  of  mercury  at  60 
ilfgrefif Fahrenheit wasadopted.  (Authority, 
K^iimlt,  P.   A-,  62-50.     Sea  Clark's  Con- 
"•mill  rf  Nniure.)      The  weight  of  a  cubic 
irieh  o{  watiT  nt  0  degrees  C.  was  taken  ns 
0,'i3«lil  pound,  on  aalhor-  ConnwcUd  ft, 
I  i>Ji>f  J.  B.  Francis,  iowcH  />/«o^»J' 
I  lljilnuiiie        EtpfnmenU, 

I  {ii£e'.IB:  and,  llierefore,  by  couipariaon  we  de- 
Ibvc  weight  of  1  cubic  inch  of  mercury  at  bO 
|-de(:rw»Fahrenbeit  =  0.4886  pound.  Heightof 
iniD  corresponding  to  1  jiound  |ier 
ifuaie  ineh  =  2.0425  inches.  The  diametf r  of 
»  tube  was  about  -f^  inch  or  about  the 
^Ine  lis  tor  an  ordinary  barometer  and  diani- 

3l  cist«m  3  inches. 

■    "Thprefore,  to  compensatfi  for  lowering  of  mercury  surface  in  cistern,  scale 
'  thia  iustnunaat  was  graduated  with   1  pound  per  square  inch  =  3.0343 

StlB. 

"Error  due  to  capillarity  in  the  I'^-inch  tube  was  avoided  by  settiog  scale  to 
'41  Mro  when  pressure  vas  xero,  amount  of  mercury  in  cistern  having  been    ' 
^rinuily  adjusted  bo  that  its  surface  was  just  at  lerel  of  entrance  into  cistern 
'  lube  ttansinitltng  tlie  pressure.     Since  there  was  ciceasionally  a  slight  loss  of    I 
^icniy  while  forcing  water  through  tabes  and  cistern,  for  making  s 

tir  bubbles  in  tubes,  not«  was  made  Irefore  and  after  each  set  of 
perimeuta  of  reading  of  mercury  column  with  pressure  removed,  and  mer-  | 

WIS  added  t*i  bring  coliimn  up  to  the  zero  level  if  necessary,  or  a  slight 
'^'■uction  made  to  the  observed  reading. 
"For  the  benefit  of  future  experimenters  in  hydraulics,  1  would  say  that 
«  leniipartable  mercury  columns  proved  very  satisfactory  in  their  opera-    ' 
Very  little  of  Uie  difficulty  of  lealiy  joiuts  noted  by  M.  Darcy  was  met   I 
K  mbinly  Irecause  we  profited  by  his  experience,  vsed  a  loss  cumbrooe  tor 
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of  apparatus,  and  avoided  joints  wherever  possible,  making  glass  tube  ip  onl 
two  pieces,  and  joining  theae  by  lieavy  rubber  tube  eoDtainiiig  clotii  iasertioi 
lightly  wire^l  on.  Joints  in  iroD  fittings  need  to  be  very  much  closer  to  hoi 
mercury  than  to  hold  water,  and  aa  the  ordinary  taper-screw  pipe  joint  will  t 
found  to  give  trouble,  nothing  but  an  accnrate  'shoulder  6t'  should  be  vaa 
CiaCems  were  made  of  wrought  iron  with  welded  joints,  and  interior  of  cister 
anij  iron  connections  was  japanned  after  putting  together,  to  increase  tigfatnei 
and  prevent  rust. 

"  As  stated  above,  the  graduation  assumed  the  diameter  of  the  glass  tubes  1 
he  ^  inch.  These  tubes  were  afterwards  accurKtely  calibrated  by  notiu 
weight  of  mercury  required  to  fill  them  to  certain  heights,  and  correspoiidin 
corrections  deduced.  For  gauge  .4  maximum  correction  at  100  pounds  =  —  .C 
pound,  and  for  gauge  B  +  .01  pound.  This  result  was  exactly  confirmed  b 
placing  the  two  gauges  side  b;  side,  and  subjecting  both  to  identical  presun 
through  nearly  their  whole  range. 

"  lu  a  gauge  of  this  construction  the  lowering  of  the  surface  of  mercury  i 
cist«ni  lowers  tlie  datum  of  the  gauge;  but  the  variation  due  to  this  canse  f( 
50  pounds  pressure,  for  instance,  would  be  only  .03  pound  per  square  inc. 
and  thus  almost  inappreciable.  Variation  of  20  degrees  Fahretibeil  in  temper 
ture  of  mercury,  from  OO  to  80  degrees,  would  affect  indication  of  gauge  on. 
about  iJinj  part,  while  it  would  affect  a  water  column  jAj." 

All  things  considered,  it  would  seem  reasonable  to  expect  tlies 
mercury  gauges,  including  corrections  applied,  to  measure  a  pre 
sure  correctly  witiiiii  Jg  of  I  per  cent. 

Piezometer  couplings  were  used  whenever  the  internal  pressur 
in  a  pipe  was  to  be  measured.     Such  a  coupling,  frequently  calld 
~  a  piezometer   rin( 

should  be  used  i 
precise  determina 
lions  of  pressur 
are  desired.  Itca: 
be  connected  to  an 
form  of  gaugt 
Figure  74  show 
the  coupling  use 
ill  the  first  set  of  experiments,  and  figure  71  shows  those  used  i 
the  second  set.  Still  another  was  used  similar  to  that  in  71.  bu 
shorter  and  having  six  holes  instead  of  four. 

Heasurement  of  loss  of  pressure-  The  fire  hose  was  laid  on 
straight  smooth  plank  walk  in  lengths  of  50  to  325  feet,  usual! 
150  to  300.  One  piezometer  coupling  with  gauge  was  locatei 
about  25  feet  fi'om  tbe  hydrant,  another  at  the  base  of  the  pla 


■I  ColiplLiit 


NOZZLES  ;    FLOW  OF  WATER  THROUGH  FIRE  HOSE      173 


pijie.  (See  figure  70.)  The  difference  in  pressure  between  the 
tiro  gauges  was  observed  for  various  quantities  of  water  flowing 
ilmiugli  the  hose  as  measured  in  the  tank.  This  difference  in 
[jfessure,  for  any  given  flow,  when  corrected  for  differences  in  , 
elevation  between  gauges  and  hoae,  is  the  head  or  pressure  lost; 
liere  expressed  in  pounds  per  square  inch.  The  total  difference 
divided  by  the  length  of  hose  between  piezometers  is  the  head  or 
;'resaure  lost  per  linear  foot  of  hose,  which  included  the  loss  in 
CTHplings. 

£03.  Comparative  efficiency  of  various  nozzles.     The  smooth    ' 

wiiB  nozzle  with  a  simple  pUy  pipe,  as  shown  in  figure  69,  was, 
for  throwing  streams  and  measuring  flow,  found  superior  to  any 
"llier  type. 

304.  Determinatioo  of  coefficients  of  discharge.  The  coel^cients 
uldiscliitrge  were  found  by  dividing  the  actual  discharge  in  gal- 
Us  [wr  minute  by  29.83  (Pt>»*).  d  is  in  inches  (§  211). 

Coefficients  of  discharge  for  smooth  nozzles.  Even  though  the 
imizit-B  were  of  different  interior  form  and  length,  the  coeflicients 
■iieiiearly  uniform.  The  nozzles  used  in  the  experiments  of  1S88 
*ere  selected  at  random  from  stock.  Those  used  in  1890  were 
Mpeciully  made,  but  were  of  about  the  same  quality. 

figure  75  is  a  logarithmic  diagram  showing  the  relation  be- 
'weeu  indicated  pressure  and  disc)iarge  for  various  cone  nozzles. 

for  smooth  cone  nozzles  of  various  sizes,  the  coefficients  given 
'D  Table  XXV  were  determined.  The  coefficients  are  applicable 
"■'th  or  without  a  play  pipe  if  the  pipe  and  the  nozzle  base  are  of 
^he  same  diameter  and  free  from  restrictions  or  enlargements. 

2QS.  For  ring  nozzles  the  contraction  varied ;  therefore  the 
•Coefficient  changed  witli  every  variation  in  the  ratio  of  nozzle 
_onfice  area  to  the  area  of  the  nozzle  just  behind  the  ring.  The 
*etlicient8  derived  from  Freeman's  experiments  on  ring  nozzles 
fftte  graphically  shown  by  a  curve  from  which  the  values  in  Table 
XVI  were  read,  which,  until  more  complete  experiments  are 
seated,  may  be  found  of  use  in  indicating  the  probable  value 
f  coefficients  for  similar  cases.  Freeman's  experiments  included 
"Iwiy  other  forms  of  nozzles,  but  the  results  are  too  voluminous 
"^l*  given. 
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TABLE  XXV 

CoKTFICIENTe   OF    DiBCHARGB    FOR    SMOOTH    NoZZLES 


a 

,. 

•: , 

*    s 

i 

E 

5 

^f 

iil 

n 

Noun.  UID  ConSKWIOH. 

ll 

ii 

ss  s 

III 

Ifj 

lit 

Ex 

PERIMKNTS 

OF  1888 

0.75 

0.761 

4 

25  to 
60 

83.4  to 
129.3 

.98.1 

As  sbowu  in  figures  59  aiid  70 

0,873 

0.B80 

7 

80  to 
80 

125.0  to 
205.2 

.982 

As  shown  in  figures  09  and  70 

LOW 

1,001 

8 

30  to 
50 

101.0  to 
208.5 

.072 

Aa  shown  in  figures  69  and  70 

i.ia.i 

1.126 

15 

20  to 
SO 

189,0  to 
268.5 

,076 

Aa  shown  in  figures  69 and 70 

lij 

1.250 

18 

IS  to 
51 

180.4  to 
344.2 

.971 

Aa  shown  in  figures  69  and  70 

IXJ 

U73 

12 

20  to 

252.0  to 

,9,-.0' 

As  shown  in  figureB  09  and  70 

30 

310.6 

(.977) 

(If  larger  play  pipe  were  useS) 

1.55 

3 

12  to 

20 

Ex 

261.0  to 
938.5 

.970 

OF    It 

Play  pipe  without  noEtle  of 
size  shown  in  figure  60 

00 

1.75 

1.748 

13 

14.1B  to 

350.1  lo 

.999 

Connected  to  pipe  or  siiiiii- 

m 

1,908 

17 

56.42 

14.88  to 

690.0 
471.2  to 

.sm 

ese  by  piezometer  coupling 
(fi-ure  71)  in  the  various 
waya  described  in  §200 

48.02 

864.8 

m 

2.4095 

18 

13.80  to 
31.25 

763.0  to 
1 156.0 

.1)07 

1.75 

1.748 

6 

20.14  to 

57.48 

400.1  to 
rt8I).3 

.905 

Connected  directly   to   cast- 

2,00 

1,»»8 

9 

5.M  to 
51.45 

265.5  to 

8."iO, 

.993 

iron  cvlinder  shown  in 
figure  72 

''■T«    1  2.4305 

5 

ia.ni  to 

f*2il.7  to 

,087 

ST.S'l 

I13-J.il 

'wiMgB  sizes  up  ti: 
tbnlOfeetj  and 


6-inch;  heads  n 
igle  of  convergence 


.995     Suggested  by  Freeman 


■  Tbroit  ot  play  pipe  vi 


■o  small  fnr  nozzle  of  this  aize  ;  hence  low  coefficient. 


iSiP 


I 


Coefficients  for  sqoare  ring  aozzles  are  given  in  Table  XXVlJ 
Values  of  C  printed  in  italics  are  helow  the  limits  of  Freeman*^ 

experiment. 

TABLE  XXVI 
Diameter  of  outlet  of  nozzle 


Ratio  = 


Diameter  of  nozzle  area  just  beliind  the  ring 


Ratio 


.lis      .68      .71 


306.  Loss  of  pressure  due  to  friction  in  hose.     T)ie  chnmcter  of  -  ] 
the  interior  surface  of  the  hose  as  to  smoothness  is  of  the  utmost 
importance  in  determining  friction  losses  ;  in  unlined  linen  hose  the 
loss  per  foot  was  found  to  be  about  2.5  times  that  for  smooth  rub- 
ber hose  of  the  same  diameter  in  which  the  friction  loss  was  least. 

The  precise  diameter  of  the  hose  must  be  used  in  calculating 
velocities  in  hose  (or  pipes),  as  Freeman  found  considerable  dif- 
ference between  the  nominal  and  actual  diameters  of  hose. 

The  friction  loss  varied  nearly,  but  not  precisely,  as  the  aqusi 
of  the  velocity  of  flow. 

The  following  Table  XXVII  summarizes  the  head  lost  in  frictio*** 
with  different  quantities  of  discharge  for  various  kinds  of  hose    3 
also  gives  coefficients  C,  for  use  in  the  Chezy  formula  for  flowo'-* 
water  in  pipes.     C,  is  used  here  only  to  distinguish  it  from  tli^^ 
nozzle  coeiiicient.  ^^ 

\       The  letters  in  Table  XXVII  refer  to  the  following  kinds  o^^ 
hose :  * 

A,  solid  rubber,  very  smooth.  C,  woven  cotton,  rubber-Uned, 
I  a  heavy  regular  fire  hose,  interior  surface  almost  free  from  ridges. 
D,  nearly  the  same  as  C,  but  of  lighter  weight.  E,  knit  cotton, 
rubber-lined,  medium  smooth.  I,  like  E,  but  rougher.  M,  sams  J 
as  D,  but  of  smaller  diameter.  K,  woven  cotton,  rubber-lined,  , 
I  cheap,  with  medium  thin  lining,  when  under  pressure  interior  is 
full  of  small  ridges.     L,  unlined  linen  hose,  good  quality. 

307.  Loss  of  pressure  due  to  curves  in  fire  bose.  For  fire  hose 
I  laid  in  its  ordinary  smooth  curves,  but  not  cramped  or  kinked,  the 
1  friction  loss  will  be  about  6  per  cent  greater  than  in  perfectly 
I  straight  hose. 

•  See  photographs  of  casta  of  interior  surface  and  a  more  ooinpl^te  descriptiui 
t  «acb  kiud,  on  pages  347  U>  353  in  Freemaii''s  original  article. 
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TABLE  XXVII  —  FRICTION  HEAD  IN  FIRE  HOSE 


BIND  or 

BOSK 

NOMI- 
NAL 

DIAME- 
TEE, 

□rcHcs 

ACTUAL 
AVEB- 

AOB 
DIAME- 

TBB, 

INOIiER 

A 

DIAMB- 
TBBOr 
COUP- 
LINGS, 
INCHBS 

MEAN 

VBLOO- 
ITT  IN 

H06B,  FT. 

PEE  SEO. 
V 

DIB- 
CilABOE, 
GALLONS 

PEB 

MINUTE 

0 

LOST  READ 
PEB  100  KT. 

LENGTH 
COBBECTEO 
FOB  EXPAN- 
SION.      LBS. 
PER  SQ.  £N. 

s 

LOST 

UBAD 

PEB  FOOT 

OF 
LENGTH 
IN  FEET 

r'aiN 

CHEZT 
FORMULA 

MEAN  VALUE 

/—  LOST 

HEAD    PBB 

100  FT. 

(;«=240 
A-2i 

LPS.    PER    SQ. 

'N. 

A 

2.5 

2.65 

2.52 

12.50 

214.9 

8.06 

.1863 

123.3 

13.4 

13.96 

240.0 

10.00 

.2311 

123.6 

17.00 

292.2 

14.73 

.3404 

124.0 

20.00 

343.8 

20.40 

.4714 

124.0 

C 

2.5 

2.47 

2.53 

13.40 

200.1 

10.66 

.2464 

119.1 

14.1 

* 

16.07 

240.0 

15.00 

.3467 

120.4 

20.00 

298.7 

22.80 

.5269 

121.5 

D 

2.5 

2.49 

2.47 

13.20 

200.3 

10.50 

.2427 

117.7 

14.2 

15.81 

240.0 

14.50 

.3351 

120.0 

19.00 

288.4 

20.48 

.4733 

121.3 

21.00 

318.7 

24.70 

.5708 

122.1 

E 

2.5 

2.68 

2.50 

7.50 

131.9 

3.50 

.0809 

111.6 

16.0 

10.00 

175.8 

6.23 

.1440 

111.6 

13.65 

240.0 

11.30 

.2611 

112.3 

17.00 

298.9 

17.01 

.3931 

114.8 

I 

2.5 

2.69 

2.51 

11.50 

203.7 

10.20 

.2357 

100.1 

19.4 

13.55 

240.0 

13.50 

.3120 

101.7 

16.00 

283.4 

18.96 

.4382 

102.2 

18.00 

318.9 

22.35 

.5165 

105.8 

M 

2.0 

2.12 

2.07 

14.00 

154.0 

14.92 

.3448 

113.4 

14.6 

17.00 

187.0 

21.19 

.4897 

114.8 

21.81 

240.0 

33.20 

.7673 

118.4 

K 

2.5 

2.53 

2.48 

3.50 

54.8 

1.13 

.0261 

94.3 

25.5 

5.00 

78.4 

2.52 

.0582 

90.3 

7.50 

117.5 

5.99 

.1384 

87.8 

10.00 

156.7 

10.60 

.2450 

88.0 

12.00 

188.0 

14.82 

.3425 

89.3 

15.31 

240.0 

24.10 

.5570 

89.3 

17.00 

266.4 

29.20 

.6748 

90.1 

19.00 

297.7 

35.76 

.8264 

91.0 

L. 

2.5 

2.60 

2.50 

3.50 

57.9 

1.79 

.0414 

73.9 

33.2 

5.00 

82.7 

3.63 

.0839 

74.1 

7.50 

124.1 

7.99 

.1846 

74.9 

10.00 

165.5 

13.50 

.3120 

76.9 

14.50 
17.00 

240.0 
281.3 

27.20 
37.03 

.6286 
.8558 

78.5 
78.9 

.204600 

/        ^2 

19.00 

3;3l.o 

50.30 

1.1624 

79.6 

8 
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The  fnllowiog  table  eumm arizes  the  effect  in  iucreasid 
when  hose  was  laid  in  curves  of  2,  3,  or  4  feet  radii. 


TABLE  XXViri— LOSS  OF   READ  DUB  TO  CURV: 
Lkngth  of  Hosk,  57S  FeET 


Sample  D 
Sample  D 
Sample  O 
Sample  D 
Sample  D 
Sample  U 
Sample  1> 
Sample  I) 
Sample  V 
Sample  D 
Sample  1) 
Sample  D 
Sample  I) 
Sample  D 
Sample  D 
Sample  A 
Sample  A 
Sample  A 


i 

y- 

?8 

U 

^s 

''.U 

^3 

3^£t 

2.49 

2S8 

10.04 

2.19 

293 

12.06 

2.40 

323 

13.18 

2.49 

2m 

10.13 

2.49 

203 

12.80 

2.40 

823 

15.40 

2.4fl 

2r.8 

10.23 

2.49 

293 

12.98 

2.49 

323 

15.33 

2.49 

238 

10.33 

2.49 

293 

12.95 

2.49 

32S 

15.62 

2.49 

259 

10,43 

2.4B 

293 

13.18 

2.49 

329 

13.73 

2.W 

304 

9.04 

2.61 

304 

9.28 

2.«4 

.104 

9.32 

-t 

ii 

M 

2^§ 

H 

0.24 

180» 

0.17 

180" 

0.20 

180' 

0.29 

ser 

OJ27 

380° 

0.27 

360= 

0.34 

360° 

0.29 

SBO" 

0.25 

380° 

0.39 

aoof 

0.29 

360- 

0.24 

300° 

0.44 

360° 

0.39 

360° 

0.38 

360° 

0.23 

360° 

0..13 

360= 

0.37 

360° 

4curTea,2  feetrailint.eae 
45°,  each  2  feet  straigli 
between  each  curve 

I  circle,  2  feet  T«diuB  U 
center  of  hose 

4  curves,  2  feet  radiuB,  WT* 
each,  2  feet  straight  be- 
tween  euch  curve  (X) 

4  curves,  3  feet  radius,  90" 
each.  3  feet  straight  bfr 
tween  each  curve  (Y) 

4  curves,  4  feet  radius,  W 
each,  4  feet  straight  bo 
t«en  each  curve  (Z} 

Like  X  ^^M 


208.  The  losB  of  head  due  to  reductioa  of  the  area  ot  the  atreaa 
at  the  couplings  was  fouud  to  be  about  equal  to  the  &um  of  th 
loss  in  sudden  contraction  on  entering  the  bushing,  and  the  LoM 
in  sudden  enlargement  in  leaving  the  bushing  (see  Chapter  XV' 

For  example  .■  for  a  2J-ineh  hose  coupling  on  a  2J-inch  hose  f« 
B  discliarge  oC  240  gallons  per  minute  the  loss  would  be  about  .^ 
pound  per  bushing,  or  since  hose  ia  usually  in  50-foot  lengths,  .-J 
pound  per  100  feet. 

For  vaehers  smaller  than  the  hose  the  loss  is  about  1.25  tins 
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the  loiis  of  head  due  to  sudden  contraction  of  stream,  assuming  the 
coetlicients  of  contraction  aa  for  ring  nozzles  (see  Chapter  XV). 

Ff-r  example:  a  2J-inch  washer  in  a  2^-inch  hose  discharging 
::iiO  gailons  per  minute  would  cause  a  loss  of  1.04  pounds  per  100 
l^et  of  hose  ;  and  when  discharging  SOO  gallons  per  miqute  a  loss 
<iE  i.'U  pounds  per  100  feet.  With  a  2-inch  washer  the  loss  would 
be  4.16  pounds  in  the  first  case,  and  9.34  pounds  in  the  second 

209.  Vertical  and  horizontal    distance    attained  bj  jets  from 

Qoiiles.  Theoi'eticiilly.  llie  height  attained  ahoukl  be  etgual  to  the 
[iicfisure  head  plus  the  velocity  head ;  actually  it  is  less.  For 
ii'iiiles  up  to  1^  inches  with  the  same  head  the  larger  nozzles  will 
irive  a  higher  jet.     For  horizontal  distance,  see  Table  XXIX, 

The  height  /  of  the  extreme  drops  in  still  air  from  nozzles  |  to 
If  inches  diameter  may  be  computed  by  the  following  formula: 

J=  ff,  -  .00135  -^-     (d  is  in  inches.) 

CM 

The  height  of  a  thoroughly  first-class  fire  stream  will  be : 

When  J  ii.  feet  equals        50  75  100  125  150 

Height  in  per  cent  of  y     S2%         70%  73%  87%  63% 

110,  DistrlbutiOD  of  velocity  in  jets  from  a  nozzle.  By  experi- 
menis  with  a  Pitot  tube  the  distribution  of  velocity  was  found  to 
lie  uniform  throughout  the  jet  from  the  best  nozzles  except  near 
'he  periphery  of  the  jet.  The  actual  velocity  on  the  central 
I'lrtinti  of  the  jet  was  equal  to  the  full  theoretic  velocity  due  to 

211  Freeman's  formulas.  In  the  following  formulas  derived 
i'v  Mr.  Freeman  fur  use  in  computing  fire  stream  discharge,  the 
symbols  used  were  as  follows;  all  diameters  of 'pipes  and  orifices 
"^  given  in  inches.     Other  symbols  are  identical  with  those  given 


I 


L 


P  =  intensity  of  pressure  at  the  top  of  the  hydrant  in  pounds 
per  square  inch. 
If  the  nozzle  i.s  higher  than  the  top  of  thfe  hydrant, 
subtract  from  the  hydrant  pressure  the  difference  in 
elevation  in  feet  multiplied  by  .433 ;  if  the  nozzle  is 
lower,  add  the  difference. 
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0  =  coefficient  of  discharge  of   hydrant   nipple:    for  shnr 
equare  corner,  .82 ;  for  well-rounded  entrance,  1.0 ;  fr 
ordinary  hydrant  tlie  value  determined  was  .71. 
h  =  length  of  the  hose  in  feet. 
rf  =  diameter  nozzle  orifice  in  inches. 

D  ~  diameter  of  channel  where  pressure  is  meaeured  in  inche 
i)„=  diameter  of  hydrant  nipple  in  inches. 
/'=the  loss  of  head  per  100  feet  of  hose  with  240  gallon 
per  minute  flowing  for  any  given  kind  of  hose ;  depen.  ■ 
upon  diameter,  roughness,  obstructions,  and  cun'^ 
pounds  per  square  inch. 
For  unlined  linen  hose  2^  inches  diameter  F=  30. 
Inferior  rubber-lined  hose  2 J  inches  diameter  F  =  26. 
Smoothest  rubber-lined  hose  2J  inches  diameter  F  =  13 

/■=  ?IiJ^/+  1  +  .5,  for  100  feet  of  hose,  when  Q  =  240. 
A' 
/=  friction  loss  in  pounds  per  square  inch,  for  100  feet, 
Q  =  2iO.  and  A  =  2^ ;  values  are  given  in  Table  XXVII. 

The  pressure  in  pounds  per  square  inch  lost  per  100  feet  i 
sinuosities  is  about  1  pound,  when  Q  =  240. 

The  pressure  in  pounds  per  square  inch  lost  per  100  feet  fw 
ordinary  obstructions  is  about  .5  pound,  when  Q  =  240. 
A  =  actual  diameter  of  hose  in  inches. 
(t  =  discharge  in  gallons  of  231  cubic  inches  per  micq] 
Glren  A  D,  and  b^.     Required  Q. 


(?=. 04374  CtP 


K 


-]i 


'--(ly 


1 


AiMpI*.  Given,  a  IJ-inoh  smooth  nozzle  attached  to  S|  pipe 
and  the  observed  head  in  »  piexometer  at  the  base  of  the  noezle 
100  feet.     Compute  the  discharge  in  cubic  feet  per  second. 


<?-. 04374  X. 971  X 


GlTCA  A  A  and  fl^.    Required  Q. 

Q  =  .04.S74  (W\ff,>* ;  where  B,  =  ~ 


•At  I 
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Example.  The  total  head  at  the  base  of  a  1^-inch  smooth  nozzle 
attached  to  2|-inch  pipe  is  106.26  feet.  Compute  the  discharge 
in  cubic  feet  per  second. 

^  =  .04374  X. 971  x  1.26a  (106. 26)*  =  .684. 
Given  4  A  and  p^     Required  Q. 

e=  .06645  C(P  ^TTx4     • 

1  -  c^f^)  0<^) 


Example.  Given  a  1^-inch  smooth  nozzle  attached  to  a  2^-inch 
pipe,  the  pressure  on  a  Bourdon  gauge  at  the  base  of  the  nozzle 
being  43.3  pounds.  Compute  the  discharge  in  cubic  feet  per 
second. 


e=.06645x.971x  1.252 


43.3 


1  -  .9712fi4?y 
\2.50j 


i 


=  .684. 


Given  4  A  and  p^    Required  G. 


ff=  29.83  C«2 


Pc 


[^  -  0'\ 


i 


(11) 


Example.     Given  same   conditions,  as  in   the  last  preceding 
example,  compute  the  discharge  in  gallons  per  minute. 


ff  =  29.83x.971x  1.252 


43.3 


1  -  .9712 


Given  d,  D,  and  p.    Required  G. 

a  =  29.83  Ca«(  j»)* ;  where  p  = 


n.25Y 

\2.60j 


1 


=  307. 


(12) 


Given  the  hydrant  pressure  (P).      Required  the  nozzle  pres- 

P 


mtt{p). 


P  = 


+  1 


(13) 


Prom  which  also  P  may  be  found  if  /?  is  given. 

For  lengths  greater  than  200  feet,  and  nozzles  not  larger  than 
H^^ches,  the  following  less  precise  formulas  may  be  used ;  p  being 
thus  found,  the  discharge  may  be  computed. 


^ 


f 
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For  smooth  nozzles, 


For  square  nozzles, 


'f^  +  1 
6822 


11819 


Example.     The  pressure  at  a  fire  hydrant  is  100  pounds  J 
square  inch.     To  the  hydrant  is  attached  300  feet  of  best  quali 
rubber-lined  2^-incb  hose.     Compute  the  pressure  at  the  base 
the  nozzle  (a)  with  a  1^-inch  smooth  nozzle, 
100 


6822 

(i)  With  a  IJ-inch  square  ring  nozzle. 
"«,,, 55,4. 


auo  > 


11819 
Dlscbarge  of  hose  with  opea  bntts,  that  is,  hose  without  nozzle  < 
play-pipe. 

P  =  ^('^7/?  +  .0000001736  Lf\  (It 

c  \    "      ^        y 

'^~  +  .0000001736  LF  *^" 

Example.  Compute  the  discharge  through  400  feet  of  unlin« 
2J-iacb  linen  hose  with  open  butt,  which  is  attached  to  a  & 
hydrant  in  which  the  pressure  ia  100  pounds  per  square  incl 
Let  i>«=:2|  and  0=.82. 


100 


)i 


■'*y^^-^^  +  .0000001736x400x30 
I  2.0*  X  .82*  j 

313.    Application.     Nozzles  may  be  used  satisfactorily  to  mee 
lire  the  discharge  from  pipes  under  pressure  wherever  a  pipe  c- 
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■^  iniitalled  of  sufficient  length  to  establisli  uiiiform  tlow  before 
Hp»  water  reaches  the  DozzLe.  Nozzles  are  especially  useful  in 
'inetuiiring  discharge  through  pipes,  tire  hose,  oi'  in  testing  the 
li«rformauce  of  pumps  or  impulse  water  wheels.  Such  a  test  in- 
volveB  in  many  cases  the  loss  of  all  the  water  measured;  and  in 
A\  cases,  except  in  the  case  uf  impulse  wheels  in  service,  u  waste 
of  the  energy  of  the  jet.  Willi  nozjles  to  which  Freenuin's 
iwfticients  are  applicable,  discharge  measuremeuts  can  be  made 
with  an  error  nut  exceeding  "2  per  cent.  The  apparatus  necessary 
i<j  make  measurements  of  this  kind  is  easily  transported,  and  the 
cKjiense  of  making  them  is  slight. 

Fire  stream  table.     Table  XXIX,  which  is  for  the  most  part 

i.ikeii  [mm  a  similar  table  by  Freeman,  will  give  results  sulficiently 
;ii.uuriite  for  fire  stream  computations.  The  values  of  F  used 
iire  given  on  p.  180  ;  for  intermediate  values  interpolate  directly. 
Values  of  ff  vary  as  the  square  root  of  p^  or p;  values  in  other 
C"lumD3  vary  directly  as^,  or^. 

EMTitplea.  (a)  Given  ^^  =  ^0,  for  a  IJ-inch  smooth  nozzle 
atliiclibil  t"  400  feet  of  best  quality  rubber-lined  hose.  What 
prewure  P  is  required  at  the  hydrant,  assuming  the  nozzle  orifice 
mii  hydrant  lop  to  be  at  the  same  elevation? 

Fmra  table,  the  lost  head  for  first  100  feet  =  112;  for  each 
i^lJitiaiial  100  feet,  25.5.  Therefore  i>=  112 +  3  x  2.5.5  =  188 
["luiiiis  |*r  square  inch. 

(i)  Given  a  1-inch  smooth  nozzle  with  300  feet  of  the  best 
I'liility  rubber-lined  hose,  pc=  50,  what  P  will  be  required  at  the 
hydrant? 

By  direct  interpolation  between  40  and  60  pounds  the  loss  for 
'w  tirst  100  feet  as  shown  by  the  table  is  62.5 ;  for  each  additional 
•'W  feet  tlie  loss  is  9.8,  hence : 

P  =  62.5  +  2  X  9.8  =  82.1  pounds  per  square  inch. 

(«)  What  is  the  discharge  through  a  l|-ineh  ring  nozzle  under 

'"pounds  indicated  pressure?     The  discharge  is  approximately 

proportional  to  the  square  root  of  p,  or  p.     From  table,  for  100 

iwnnda  G  =,  429. 

Then  for  70  pounds,  O  =  (^j^")*  x  429  =  .837  x  429  =  359. 
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through  IJ'itich  smooth  itoa 
head  at  base  of  nozzle  is  70  poundj  p 


Problems 
X.    Develop  the  formula  for  discharge  from  a  tiozeIb  and  find  Telocitj  ot  ^ 
ftod  coefficient  of  velocitj-  C\,  I'ur  h  1  j-inch  nozzle  ttituched  to  a  '2.5-iueh  pK- 
pipe  and  ducharging  31(1.6  gaUons  per  minute  under  an  indicated  pressure  of 
pounds  per  square  inch. 

2.  Compute  Che  discharge  in  gallons  per  minute  through  a  smooth  nozzle 
inches  in  diameter  under  a  pressure  at  the  base  of  the  nozzle  of  60  pounds  p 
nquare  inch.    Diameter  of  play  pipe  Si  inches. 

3.  A  l}-inch  smciotb  nozzle  is  attached  to  a  3J-inch  plav  pipe.  Indicate 
pressure  at  base  of  play  pipe  is  80  pounds  per  square  inch.  Find  discfaaige 
nozzle  in  gallons  |«r  minute. 

4.  Find  diachar);e  in  gallor 
attached  to  4-inch  pipe.  Pressi 
square  inch. 

9.  If  the  hydrant  presure  is  100  pounds  per  square  inch,  find  the  prrasoi 
at  the  base  of  a  li-inch  smooth  nozzle  attached  to  a  2J-iiich  rubber-lined  fatx 
of  best  quality,  iOO  feet  long.     Also  find  discharge  in  gallons  per  minute. 

6.  What  will  b«  the  diachaipi  in  gallons  per  minute  from  a  smoolli  non' 
\{  inches  in  diameter  attached  to  a  9J-incIi  hose,  the  indicated  pressure  bail 
80  pounds  per  square  itioh  at  the  base  of  the  nozzle  ?  To  what  vertioal  heigl 
would  the  stream  rise  1 

7.  What  is  the  henil  at  a  fire  hydrant  when  the  discharge  from  a  l)-in< 
ring  nozzle  at  a  distance  of  400  feet  is  257  gallons  per  minute  through  a  3}-ini 
hose? 

8.  What  head  will  be  required  in  a  fire  hydrant  to  give  a  discharge  of  S> 
gallons  per  minute  at  a  distance  from  the  hydrant  of  450  feet,  through  '2\-m' 
rough  rubber-lined  pipe  and  IJ-inch  ring  nozzle  ? 

9.  Given  a  hydrant  pressure  of  30  pounds  per  square  inch.  What  will  ' 
the  discharge  in  gallons  per  minute  through  700  feet  of  best  quality  rubtx 
lined  fire  hose,  2)  inches  in  diameter,  and  a  Ij-inch  smooth  nozzle,  aupposu 
that  the  nozzle  is  held  10  feet  above  the  elevation  of  the  hydrant? 

10.  The  head  on  a  fire  hydrant  is  234  feet.  To  it  is  connected  500  feet 
smooth  rubber-lined  hose,  2)  inches  in  diameter,  with  a  IJ-inch  smooth  nom 
attached.     Find  the  discharge  in  gallon.^  per  minnle. 

11.  A  lire  stream  nozzle  is  held  15  feet  higher  than  the  elevation  of  t1 
hydrant  to  which  the  hose  is  attached.  Noz:tle  is  IJ-itich  smooth,  hose  ia  2}-ini 
inferior  rubber-Iinfd  and  300  feet  long.  Discharge  is  250  gallons  per  miuut 
(a)  Find  necessary  pressure  at  hydrant.  (jt>)  Also  determine  the  diadiai] 
With  the  noizle  removed  from  the  hose. 


CHAPTER   XII 


213.  A  weir  is  an  overfall  opening  or  notch  used  in  determining 
the  Yolame  of  flow  from  measurements  of  the  depths  (Jhead^)  of 
water  running  over  its  crest  or  sill,  of  which  the  length  and  shape 
are  known.  Usually  a  weir  is  a  dam,  or  a  notch  in  the  top  of  a 
dam,  or  in  a  bulkhead  built  across  a  stream.  Weirs  are  usually 
classified  according  to  their  outlines  and  the  profiles  of  their 
crests. 

Rectangular  weirs  are  the  most  common  in  outline  ;  but  trap- 
ezoidal, triangular,  and  even  very  irregular  forms  are  often  used. 
Rectangular  weirs  are  further  distinguished  as  contracted  or 
suppressed. 

A  contracted  weir,  or  one  with  end  contractions,  has  a  length  of 
crest  less  than  the  width  of  channel  in  which  it  is  set.  (See  figure 
T6.) 

A  suppressed  weir  is  one  in  which  the  end  contractions  are 
suppressed  ;  that  is,  it  has  a  crest  equal  in  length  to  the  width  of 
the  channel  in  which  it  is  set.     (See  figure  77. ) 

A  sharp-crested  or  thin-edged  weir  is  one  which  has  a  crest  on 
which  the  overfalling  sheet  of  water,  called  the  nappe  (over- 
hanging sheet),  touches  only  a  sharp,  regular  edge  on  its  up- 
stream face  and  springs  entirely  clear  of  the  downstream  parts 
of  the  weij.  The  actual  thickness  of  the  crest  for  high  heads  may 
he  considerable,  and  yet  allow  the  nappe  to  spring  clear  ;  hxxt  for 
^ery  low  heads  the  crest  should  be  of  metal  and  very  thin.  The 
upstream  face  should  be  vertical  ;  and  the  downstream  face  so 
nearly  vertical  that  the  nappe  cannot  touch  it. 

Veirs  of  irregular  section  are  those  in  which  tlie  profiles  of  the 
^^irs  and  crests  (measured  in  a  vertical  plane  parallel  to  the  di- 
ction of  flow)  are  such  as  will  cause  the  nappe,  after  passing 
the  upstream  edge,  to  adhere  to  or  again  touch  the  crest,  or  the 
weir  face ;  or  will  produce  a  form  of  nappe  in  any  way  different 
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trora  that  of  a  vertical,  sharp-crested  weir  of  eqaal  ht 
under  equal  heads. 

Free  overfall  implies  that  the  nappe  is  formed  with  ati 
pressure  on  all  its  surfaces,  and  is  subjected  to  no  modif 
ditions  after  passing  the  crest. 

Submergence  implies  that  the  nappe  falls  into  water 
either  ;ibove  the  crest  level,  or  so  near  the  crest  level 
form  of  the  nappe  is  thereby  modified. 


Fm.  76. — Beotaognlar  Wdr  wlUi  Two  End  ContnutiODE. 

214.   Homenclatore.      The  symbols  here  given  and  e 
with  the  aid  of  figures  76  and  77,  will  be  used  througho 
cussing  weir 


t 
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/ 

» 

/ 

/ 

Fla.  77.  — 8uppres3ed  Weir. 

shown  in  light  broken  lines,  very  slightly  decreases  the  d 
but  is  common  practice. 


WEIRS  189 

i=the  observed  head  on  the  crest,  being  the  difference  in 
elevation  in  feet  between  the  top  of  the  crest  and  the 
surface  of  the  water  in  the  channel,  at  a  point  upstream, 
which  should,  if  possible,  be  taken  just  beyond  the 
beginning  of  the  surface  curve. 

JJsthe  observed  head  corrected  to  include  the  effect  of  the 
velocity  of  approach. 

L  =  the  length  of  the  crest  in  feet. 

p  =  the  height  of  the  crest,  being  the  difference  in  elevation 
in  feet  between  the  top  of  the  crest  and  bottom  of  the 
channel ;  strictly  used  only  in  rectangular  channels, 
and  measured  in  the  same  stream  cross  section  as  the 
head. 

'As  the  cross-sectional  area  of  the  channel  where  h  is  meas- 
ured, which  is  called  the  channel  of  approach. 

K^athe  mean  velocity  of  approach  in  feet  per  second. 

K  =  the  head  due  to  the  mean  velocity  of  approach  =  -— ^. 

-AT  =  the  number  of  end  contractions. 

Q  =  the  actual  discharge  in  cubic  feet  per  second. 

fl^= the  area  of  the  channel  of  approach  divided  by  the  width 

of  the  nappe :  for  suppressed  weirs,  fl^  =  —  =(jt?  +  A); 

{      A      \ 
and  for  contracted  weirs,  &  =    =r=^   .     §  220. 
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Rectangular  Wbibs 

'IS*  Theory  of  weir  measurements.  A  rectangular  weir  is  in 
theory  a  rectangular  vertical  orifice  lacking  an  upper  edge.  The 
^ly  hydraulicians  called  it  an  "uncovered  orifice";  and  upon 
"US  conception  present  weir  formulas  are  based.  Using  formulas 
for  rectangular  vertical  orifices,  (14)  and  (15)  in  §  176  and  mak- 
|^?^=A  and  A,  =  0,  the  formula  for  computing  weir  discharge 
^  cubic  feet  per  second,  neglecting  velocity  of  approach,  becomes 

C  =  i(?X(2^)iA*  =  I  cLhC2ffh)K  (1) 

^«  coefficient  of  discharge,  determined  by  experiment. 


HVDRAUUCS 

'.  Tateaie  if  flw  it  is  tberefoce  i 
e  X  ami  i.  cbooee  &  Miitable  coefficient,  and  aolve  eqtuttc 
1)  or  mn  equivalent  formula.  The  length  of  the  crest  and  cl 
1  msjr  be  measond  with  aay  <ieaired  d^ree  of  precision. 
Wbea  a  ool  very  high  degree  of  preciaion  a  reqoiied,  i 
f  Mtaodard  oooditiona  exist,  a  sttitable  coefficient  mar  be  tcadi 
d ;  aod  tbe  coopatation  of  discharge  ia  simple.  Whe 
werer,  a  liigb  d^ree  of  precision  ia  reqaired,  or  the  stands 
conditiona  do  not  exist,  a  reasonable  choice  of  a  coefficieDt  fnc 
araon^  the  large  nomber  available,  some  apparently  coatradictoi 
may  present  many  difficulties. 

Tbe  flow  of  water  over  weira  is  a  combination  of  the  flow  ia  i 
open  cliannel  and  the  flow  through  a  form  of  orifice.  Many  rl 
menta  tend  to  modify  this  flow,  some  of  which  in  certain  cas 
can  be  eliminated  by  duplicating  experimental  conditions;  b< 
in  other  cases  must  be  conaidered  more  or  less  carefully  as  iM 
desired  degree  of  precision  may  demand.  Tbe  important  niodi£' 
ing  elements  are :  ^^^H 

(1)  The  velocity  of  approach  ;  ^^^H 

(2)  The  contractions  of  the  nnppe  ;  ^^^| 

(3)  The  conditions  surrounding  the  nappe  below  the  en* 
whether  it  has  free  overfall,  is  depressed,  or  is  "wetted  imde: 
neath." 

216.  The  velocity  o(  approach.  The  channel  by  which  the  \nU 
readies  the  weir  is  called  the  channel  of  approach.  Its  croas-sei 
tionni  area  (A)  should  be  measured  in  the  same  vertical  plane  i 
the  head,  and  at  right  angles  to  the  direction  of  flow.  The  mea 
velocity  of  flow  in  the  channel  of  approach  ia  called  the  velociti/  « 
approach  (  Fj).     Hence 

V^  =  t'JHcharge  in  cubic  feet  per  second  _  Q  ^^^^         ^^^^^j 
urea  of  clianiiel  of  approach  A 

The  effect  of  velocity  of  approach  is  to  increase  the  discharj 
above  lliitl  due  to  the  observed  head  (A),  an  amount  that  can  I 
determined  only  approximately  for  several  reasons. 

The  head  due  to  the  mean  velocity  of  flow  (A,),  which  equ* 

— '^■.  ia  not  a  precise  measure  of  the  kinetic  energy  of  the  raovii 
watLT  in  tlie  channel.     Pur  in  few,  if  in  any,  streams  is  the  veloci 
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aniform  throughout  any  cross  section  ;  and,  if  the  actual  velocities 
represented  by  F^,  F^,  F^  F^  were  determined  in  equal  subdivi- 
sions of  the  cross  sections  by,  say,  a  current  meter,  the  summation 

of  their  velocity  heads  ( ^  +  ^^-f  •••  -q^ )  would  not  equal  but 


-  Ill 


u 


;I^ 


usually  exceed 


^9 


(See  figure  78.)  In  every  case  this  correction 


would  depend  very  mach  apon  the  distribation  of  the  velocities 
throughout  the  channel  of  approach. 


^'^tever  value  may  be  assigned  to  the  velocity  of  approach, 
Its  full  value  is  probably  not  available  at  the  crest  of  the  weir, 
some  energy  being  lost  in  change  of  velocity  and  direction,  in 
^dy  currents,  and  in  unknown  ways. 

If  the  velocity  of  approach  is  great  and  the  correction  becomes 
*n  important  part  of  the  total  head  (JST),  its  effect  cannot  easily 
^  distinguished  from  the  effect  of  other  factors,  notably  the 
effect  of  modified  crest  contraction. 

The  correction  for  the  effect  of  velocity  of  approach  is  applied 
^  experimenters  in  their  formulas  either  by  increasing  the 
observed  head  by  some  function  of  the  velocity  head,  assigning 
*  constant  value  to  the  coefficient  for  a  given  weir  as  did  Francis 
*od  Fteley  and  Stearns;   or  by  including  this  correction  in  a 
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weir  ooefficieDt  of  varying  value  as  Bazin  did.  Tn  nsm 
weir  formula  or  coefficients  of  any  experimenter,  his  own  a 
of  correcting  for  velocity  of  approach,  upon  wliicii  the 
of  his  coefficients  depends,  should  be  faithfully  duplicated. 

217.  The  contractions  of  tlie  nappe.     The  form  of  the  na 

determined  by  three  factors,  viz.  the  upper  surface  curv 
crest  contraction  establishing  the  shape  of  the  lower  8 
curve,  and  the  lateral  or  end  contractions,  if  any. 

The  area  of  the  section  where  the  crest  contractions  ai 
end  contractions  (if  any)  reach  a  maximum  in  weira  is  proba 
important  in  establishing  the  volume  of  flow  through  a  w 
the  area  of  the  vena  coutracta  is  in  an  orifice,  being  in 
cases  the  effective  area  of  the  stream. 

The  surface  curve.  The  free  surface  of  the  water  in  the 
nel  as  it  approaciies  the  crest  curves  downward  at  an  incn 
rate  of  curvature  over  and  beyond  the  weir,  thua  formin 
upper  boundary  surface  of  the  nap]»e. 

The  crest  contraction.  The  lower  surface  of  the  nappe  del 
itself  from  the  crest  at  some  angle  varying  vrith  the  oond 
and  form  of  weir,  rises  to  a  summit,  then  descends.  The  di 
tion  in  sectional  area  of  the  nappe  due  to  the  influence  ( 
lower  surface  curve  is  termed  the  cre»t  contraction. 

Complete  crest  contraction  is  said  to  exist  when  a  further  ini 
of  the  ratio  of  the  height  of  weir  to  the  observed  heac 
will  not  increase  the  contraction ;  a  ratio  of  -  is  usually  suffi 

218.  The  effects  of  the  upper  and  lower  surface  curv 
modifying  the  volume  of  flow  are  important ;  but  exoej 
Kazin's  experiments'  on  suppressed  weirs,  little  accurate  k 
edge  concerning  this  subject  is  available. f  Bazin  showed 
series  of  measurements  of  the  proliles  of  nappes  under  diS 
heads  on  vertical  and  inclined  weirs,  and  by  simultaneous 
urements  of  the  volume  of  flow  on  his  standard  weir,  tbs 
crest    contraction    furnishes    fundamental    data   for  oomp 

*  AnnaUi  iti  Print*  tt  Chaiittttt,  M£m.  et  Doc.,  1800,  1st  Mmestre,  ppi, 
t  See  also  Poncelet  kiid  Lesbroa.  ETipiHencea  Bt/draitliqvtt,  plM«  7  ^W 
tnd  Staams,  7Von».  Am.  8oe.  C.  S.,  Vol.  12,  table  SlIL 
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Fio.  79. 


the  disduArge,  that  -  (see  figure  79)  roughly  represents  a  sort  of 

coefficient  of  contraction,  and  that  the  section  of  the  nappe  just 

above  the  summit  of  _____ 

the  lower  curve   is 

the  effective  area  of  discharge. 

He  showed  further  that  Boussinesq's  * 
fonnnla, 


C  =  .62(2^)*(A-€)*, 

was  approximately  correct,  but  that  the 
determination  of  €  was  too  delicate  an 
operation  for  practical  use. 

Bazin's  experiments,  while  too  volumi- 
nous for  reproduction  here,   are    most 
pertinent  to  an  understanding  of  weir  discharge,  and  some  of  his 
conclusions  will  be  briefly  stated. 

819.  Bazin's  condusions  concerning  contractions.  If  by  the  use 
of  coordinates  the  profiles  of  the  nappes  are  plotted  for  a  given 
^€ir  of  constant  height  (/?),  the  forms  of  each  curve  will  be 
^most  identical  for  all  heads,  although  the  absolute  dimensions 

change  with  the  head.  Replacing  the  abscissas  a?  by  ?» and  the 
ordinates  y  by  ^,  for  any  value  of  |  the  corresponding  value  of 
V  will  be  practically  constant. 

For  similar  forms  of  weir  an  increase  in  the  ratio  -  will  increase 

P 
Ae  amplitude  of  the  upper  surface  curve  and  decrease  the  crest 

contraction. 

Inclining  the  weir  face  upstream  (up  to  1  on  1)  has  but  little  ef- 
^^t  on  the  upper  surface  curve,  but  increases  the  crest  contraction. 

Inclining  the  weir  face  downstream  decreases  the  height  of  the 
^Pper  curve,  elongating  it  both  upstream  and  downstream.  At 
®*ope8  of  1  on  4  the  crest  contraction  will  be  practically  elim- 
^^ted ;  and  the  opening  ceases  to  be  a  weir. 


•  Camptes  Rendus  de  VAcadSmie  de^  Sciences^  4,  juillet,  1887. 
o 
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The  thickness  relative  to  the  head  -  of  the  stream  at  the  weii 

crest  frhich  is  nearly  constaat  for  vertical  weirs  and  for  weirs  in- 
clined (up  to  1  on  1)  upstream,  dimiuishes  very  rapidly  as  the  weir 
is  inclined  downstream. 

-  for  the  same  inclination  increases  with  the  ratio  -  • 
A  p 

The  relative  crest  contraction  ~  decreases  from  about  .16  for 
weirs  inclined  1  on  1  upstream  to  .003  for  weirs  inclined  I  on  4 
downstream . 

Maximum  crest  contraction  occurs  at  a  distance  of  .25  A  down- 
stream for  weirs  with  vertical  faces  or  with  upstream  inclinatioD  ; 
at  .17  h  for  downstream  iDclination  of  1  on  1,  and  at  .05  A  for  1 
on  4. 

The  relative  chord  length  -  decreases  with  -  • 
h  h 

The  relative  thickness  of  the  nappe  -  above  the  summit  of  lb.* 

lower  curve  decreases  as  the  weir  face  is  inclined  upstream  up  t« 
1  on  1,  increases  as  the  weir  face  is  inclined  downstream  up  to  - 
on  1,  and  decreases  with  further  downstream  iuclination. 

Increase  or  decrease  in  the  rate  of  discharge   follows  closely 

upon  increase  or  decrease  of  t* 

The  following  ratios  given  by  Bazin  show  how  the  changes  u 
the  form  of  surface  curves  caused  by  inclination  of  the  face  modi^ 
the  flow  as  compared  with  a  vertical  weir. 


Inclination  o 


Want 


Toward 
Upstream 


1  horizontal  1  vertical 93 

2  borizoDtal  3  vertical 94 

1  horizontal  3  vertical 06 

Vertical 1.00 

'1  horizoDtal  3  vertical 1.04 

2  liorizoiital  3  vertical 1,07 

1  horizontal  1  vertical 1.10 

2  horizontal  1  vertical 1,12 

4  horizontal  1  vertical 1.09 

The  foregoing  ratios  are  used  only  as  illustrating  the  principles 
of  the  effect  of  the  upper  surface  curve  and  the  crest  contraction; 
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Wt  in  developing  existing  weir  fonnuliis,  uo  successful  attempt 
liaa  been  made  to  separate  these  effeeta  from  that  of  velocity  of 

.ij'jiroiich,  ami  they  are  uriiinarily  corahined. 

220.  End  contractions.  If  the  length  of  the  weir  crest  is  less 
.1.111  ii:e  width  of  the  cbannel  of  approach,  the  nappe  is  contracted 
i.;;enilly  after  passing  the  crest  and  its  width  is  reduced,  and  with 
i. 'lie  discharge  is  dirainished.  Whethei-  this  contraction  occurs 
in  the  same  section  as  the  summit  of  the  lower  surface  curve  so 
fnfiisis  known,  has  never  been  determined. 

Complete  ead  contractioa.  If  a  wetr  has  sharp-edged  ends,  an 
incnaei;  in  the  distance  between  an  end  and  the  adjacent  side  of 
the  channel,  up  to  a  certain  limit,  will  increase  the  degree  of  con- 
Inctiun.  When  this  limit  has  been  reached,  the  contraction  is 
nid  ti)  be  complete.  Francis  said  that  the  distance  should  be  at 
Iwt  equal  to  the  head;  in  the  liglit  of  later  experiments  it  ap- 
Feara  tlint  the  distance  should  be  at  least  2  to  3  times  the  head. 

ConectJODB  for  end  contraction.  For  incomplete  end  contractions 
there  iH  no  satisfactory  method  of  corrections;  hence  in  precise 
iiwsurements  the  contraction  should  be  completed  or  eliminated. 

Forcomplete  end  contraction  there  is  only  one  satisfactory  method 
»viii!al)le,  which  was  proposed  by  J.  B.  Francis,*  as  a  result  of  his 
oixervations.  The  correction  is  based  upon  the  assumption  that 
the  only  efifect  of  end  contractions  is  to  reduce  the  width  of  the 
""l^pe;  and  it  consists  in  substituting  for  the  measured  length  of 
s'Mt  L.  in  the  formula  for  computing  the  discharge,  tlie    value 

li--j— ).     Later  Fteley  and  Stearns  f  by  a  series  of  experiments 

corroborated  this  conclusion  and  recommended  the  continuation 
"I  the  use  of  this  factor. 

221.  Conditions  surrounding  the  nappe  below  the  crest.  Prolong- 
'^g  the  sides  of  the  channel  downstream  above  the  level  of  the  crest, 

'^liDivii  by  dotted  linus  in  figure  77,  was  found  by  Francis  to  di- 
""liah  the  flow  about  3J5.  He  recommended  not  prolonging  the 
snicsof  the  channel  beyond  the  crest.  Both  Fteley  and  Stearns,  and 
Itiuin,  on  the  other  hand,  used  such  prolongation  in  all  their  experi- 

•  Lowell  Sj/draulie  Experiiaentt,  p.  74, 

1    TtaiuAia.  Sbe.  C.  E.,   VoU  12,  pp.  108-114. 


•tfatioct  wuiKT  tht  mppe. 

gygdal  prwwiilm  Jtr  free  ■a—  <<  air  nDdanwah  Ac  Aea  ■■ 
be  uuwle,  if  Ui«  udfg*  uf  liie  '•^■■"p-'  ue  pstdg^ed  dovHtne 
bcduw  Um  cnvt  krcL  If  the^woemdenKstfatbeaif^katfi 
flow  «laM>t4>eri«pfM«tte.tiietiBpriwniJ  air  UiawiMwaifni^ 
M  tk  flew  aMrtinow.  tbc  vmter  lun  bdnad  tfae  Befipe^  ^d  lA 
tbe  rtnfactiuB  is  ualExicai  the  aappe  will  be  **  iepnmei  "^  ton 
Uw  w«ir.  If  tbe  Ijead  b(xwm«a  bigb  enoogh,  all  the  air  viQ  be  < 
peUed  and  the  apace  under  the  nappe  is  ocenpoed  bj  a  laaat 
Uirbulaiit  watt?.  Tbia  condition  is  called  br  Bazin  -  wetted md 
a«atb,"  Tii«  effect  of  depreaBiog  and  wetting  i&.  in  gcnetal, 
exjiaiid  tbe  eroiw-«e«tiotial  area  of  tlw  nappe  and  increase  tbe  c 
charge.  The  rcMslta  of  Bazin's  reeearcbes  *  on  tbia  subject  are 
voluiuiiviua  V>  be  reproduced  and  can  Dot  be  satisfactorily  e 

At  v«7  low  heada,  p«rhap§  half  an  inch  or  less,  the  na] 
UHiiiilly  ixlljitren  U)  thu  erent  nod  the  lower  face  of  tbe  weir,  n 
IliK  llif  niuHHiirL'iiieiit  nf  (llwihkrge  uncertain. 

U  Iri'ii  -.n'oi-HH  of  ail-  iit  tht-  ends  is  provided,  the  downstrt 
wnUir  lovel  may  riw  very  nearly  to  or  perhaps  slightly  above 
rroHt  without  affecting  the  discharge. 

I''igurii  80,  taken  from  Bazin's  experiments,  shows  certain  c 
dlllonn  tliat  may  occur. 

329.  The  procednre  to  be  followed  in  weir  meaanrenii 
compriiet : 

(1)  ('oiiHtructhig  and  setting  up  the  weir  and  the  gauge 
iiKtiMuriiig  the  head  ;  reproducing,  if  possible,  the  experimen 
ciiuiUtioim  of  the  formula  to  be  used. 

{'2)  MmiMuring  the  length  of  the  crest  and  determining 
ini'tlidiiritiiis  if  iiny. 

(^Jl)  Tiikiiig  a  prolilo  of  tlio  crest  if  not  sharp-edged. 

(l)  IVloriiiiiiiug  by  iictual  meiisureiueuts  the  cross-sectio 
iiivii  of  thi>  ohHnm'l  of  approaeh. 

•  .loHolM .!«  7>iHI»  ft  ChaHnhK,  MWii,  pl  Doc.,  1»»1,  2d  semesu«,  pp.  M&- 
xaiiio,  1^1^,  IM  wnintliv.  n*.  ^'llt^'i.^7.  Ullpr  iiicUulN  profiles  of  ua[^>es. 
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(5)  [,H  )liHliiiig  by  leveling  llie  rehitive  elevations  of  (., 
creat  of  thi    weir,  and  the  zero  of  the  gauge, 

(6)  When  the  desiied  regulation  of  flow  is  established,  detei 
mining  the  head  by  hook  gauge  oi-  other  observatione  at  interval 

■  iM  frequent  as  the  conditiona  require. 

(7)  If  possible,  measure  the  actual  velocity  in  the  channel  o 
ujiprouuh  by  a  eurreut  meter  or  some  other  direct  method;  and 

(8)  CoraputB  the  discharge  by  the  formula  selected. 

'riiree  of  these  operations  require  especial  iron  si  deration,  vii. 
ci>n*tru(^on  and  tetlinij,  the  measurement  of  tlte  head,  and  the  teiec 
tiiiH  iif  the  formula. 

323.  Coastmction  and  setting  of  weirs-  In  order  to  elirainat' 
lis  fur  as  possible  faotoi's  for  which  precise  allowance  can  not  b 
made,  the  ooustrpction  and  setting  should  meet  the  followini 
conditions: 

( 1 )  A  sharp-crested  weir  with  complete  crest  contraction  shouli 
be  n:«id. 

("2)  The  crest  should  be  level,  and  its  ends  vertical. 

(■S)  The  end  conti-aotious  should  be  complete,  or,  if  suppresse< 
entirely  supprfssid. 

(4)  The  upstream  face  should  be  vertical ;  the  downstream  e 
designed  that  the  nappe  has  free  overfall. 

(5)  Free  access  for  air  under  the  nappe  should  be  made  certaL 
(ti)  The  weir  should  be  set  at  right  angles  to  the  direction 

aow. 

(T)  The  channel  of  approach  should  be  straight  for  at  1e» 
25  feet  above  the  weir,  of  practically  uniform  cross  section,  aa 
of  slight  slope  (preferably  none). 

(8)  Screens  of  coarse  wire  or  bafRes  of  wood  should  be  set 
the  ohaunel,  if  uecessary,  to  equalize  the  velocities  in  differs 
l>art«  of  the  ohaQDel,  but  not  nearer  the  crest  than  25  feet. 

(9)  The  channel  of  approach  should  have  a  large  cross^ectioc 
area  in  order  to  keep  the  velocity  of  approach  low. 

2S4.  Heasarement  of  the  head-  Precise  determinations  of  t 
ht\»d  on  the  oresi  (^A)  neces^ilate  aocunite  observations  of  a  suit 
Mt'  jiaug<\  preferably  a  hook  gauge,  so  set  as  to  give  the  tri 
ho«d'. 
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The  hook  gauge"  (see  figure  81)  is  a,  graduated  sliding  scale, 
")ili  ;i  sharp  tim.ik  un  the  lower  eud.  fitted  with  a  vernier,  and 
utliiclied  vertically  to  a  frame.  In  order  to  make  an 
nWrvation  the  point  of  the  hook  is  slowly  raised  by  a  ^ 
aiitew  from  below  the  water  surface  until  the  point 
-  dliglitly  elevates  the  surface  of  the  water,  but  does  not 
pierce  it ;  then,  if  ^vith  a  slight  lowering  of  the  point, 

is  distortion  of  the  surface  just  disappears,  the  point 
V  assumed  to  be  at  the  water  level.     The  relation  of 

e  tero  of  the  scale  to  the  elevation  of  the  crest  must 
ie  fiiuiid  by  leveling  or  by  a  still  water  comparison.  If 
ossible,  the  zero  of  the  scale  should  coincide  with  the 
prerage  elevation  of  the  crest.  The  head  is  usually 
•ken  to  be  the  arithmetical  mean  of  all  observations 
'fotaoyime  condition  of  steady  flow. 

Other  forms  of  gauges,  such  as  graduated  tubes  and 
stationary  graduated  wooden  scales,  arc  frequently 
iLseJ,  but  can  not  be  read  so  closely;  dial  floats, 
pilthough  extremely  useful  for  continuous  observations 
<f  registnition,  are  usually  subject  to  erroi-s  caused  by 
inertia  and  by  lost  motion  in  the  mechanism. 

Eirors  of  observation.     Ordinarily,  by  means  of   the 
er,  differences  of  .001  of  a  foot  may  be  read  and 

nailer  subdivisions  estimated.     The  hook  gauge  obser- 
s  liable  to  slight  errors  of  setting  and  reading, 

liicli  are  ordinarily  not  important,  but  may  be  in  the  ^ 

SBB  of  low  beads.  For  example,  an  error  of  .001  of  HookGauge. 
pfoot  with  a  head  of  .1  foot  will  cause  an  error  in 

Khurge  computations  of  1.5  per  cent ;  the  same  error  in  observa- 
Son  Willi  a  1.0-foot  head  will  cause  an  crrni-  of  only  .1.5  per  cent. 

Enors  in  head  observations  caused  by  improper  gauge  location. 
Toe  iibvious  position  for  a  gauge  is  directly  in  the  channel  of 
"Pproiich  on  one  or  both  sides,  and  just  beyond  the  beginning  of 
Ibe  surface  curve ;  and  unless  a  high  degree  of  precision  is  re- 
Qtuted,  it  may  be  so  placed.     Even  with  a  steady  flow,  however, 

fl  water  surface  may  oscillate  moi-e  rapidly  than  it  can  be  fol- 


*Ci)IIm1  Buyd«n'8  Hook  Gauge,  alter  iu 
t,  p.  18. 


See  Lotrmll  Hj/draulit  £^ 


Idwed,  eveo  with  a  hook  gauge.  Theiefore,  to  remedy  this  di ffi- 
culty,  as  far  as  possible,  the  gauge  should  be  set  ia  a  reces»  «f 
Btill  box  outside  of,  but  in  oommuaicatioii  with,  the  channel;  and 
by  throttling  the  communication  between  the  channel  and  tiie 
still  box,  the  oscillations  can  be  further  reduced  to  facilitate  ob- 
servations.    The  still  box  is  obviously  a  piezometer. 

The  location  of  a  still  box  should  meet  the  following  esse&titl- 
conditions : 

(1)  The  cross-sectiontd  area  of  the  communicating  opening' 
or  pipe  must  be  sufficient  to  allow  free  communication  with  the 
channel  even  when  throttled. 

(2)  The  channel  end  of  this  opening  must  be  set  into  and  ex- 
actly flush  with  the  flat  walls  of  the  channel,  or  into  a  Sat  surface 
laid  parallel  to  the  direction  of  flow ;  and  the  pipe  itself  must  l)e 
normal  to  the  directioa  of  flow.  (See  discussion  of  piezometers. 
Chapter  VII.) 

(3)  The  channel  end  of  this  opening  must  be  located  far  enough 
upstream  to  avoid  the  slope  of  the  surface  curve,  and  not  far 
enough  to  increase  the  observed  head  by  the  natural  slope  of  the 
stream. 

The  area  of  increased  pressure  (see  figure  78),  which  forms  - 
above  the  bottom,  beginning  at  the  upstream  face  of  the  weir  and 
extending  upstream,  perhaps  about  to  the  beginning  of  the  sur- 
face curve,*  once  thought  to  be  a  location  at  which  the  observed- 
bead  would  include  the  velocity  head,  has  been  proved  to  be  a^ 
poor  location  for  the  opening. 

Avoid  perforated  pipes,  no  matter  where  the  holes  are  bored, 
laid  transversely  or  longitudinally  in  the  stream  at  differeut 
depths:  avoid  so-called  piezometers  of  any  form  which  project  in 
any  direction  into  the  stream.  After  the  Lowell  liydrauUc  6X- 
periments  were  made,  Francis  sometimes  used  pipes  with  holes 
bored  in  a  vertical  plane  in  order  to  secure  an  average  pressure 
across  the  stream,  in  recognition  of  the  fact  that  the  surface  is 
not  transversely  level.  Since  his  time,  this  has  been  shown  to  be 
a  vicious  practice,  which  may  introduce  more  errors  than  it  was 
diwigned  to  obviate. 

The  essential  conditions  of  location  of  a  still  box  will  in  general 

•  Sec  Plrlr)-  and  Stoams,  Tranf.  Am.  Sof.  C.  E.,  Vol.  11.  p.  42,  Plue  IV. 


ill'  met  if  its  opening  is  set  well  upstream  from  the  beginning  of 
ilie  surface  curve,  and  at  or  a  few  inches  below  the  crest  level- 

If  Francis's,  Fteley  and  Stearns's,  Bazin's,  or  any  particular 
eipertmenter's    formula    is   to   be    used,   his   location   should   be 

duplicated. 

225.  Weir  formulas.  The  practice  of  weir  measurements  in 
iliiscotiiilry  depends  upon  the  original  experiments  of  James  B. 
Francis;  uf  Fteley  and  Stearns;  of  H.  Bazin  (in  France);  of 
Ijeorge  W.  Rafter,  Gardiner  S.  WiUiams,  R.  E.  Hofton.  and 
[ilLetB  at  the  Cornell  Hydraulic  Laboratory;  and  the  investiga- 
lioa*  of  H.  Smith,  Jr.  (about  the  year  188U)  of  all  the  available 
ilntu  then  existing ;  and  the  production  therefrom  of  valuable 
anil  widely  used  coefficients." 

In  order  to  furnish  the  student  with  a  basis  for  a  clioice  of 
('TQialas,  the  autliora  have  endeavored,  in  so  far  as  the  nature  of 
lliia  book  permits,  to  restate  from  the  original  records  the  essential 
'■"nilitiona  of  the  experiments  and  the  methods  by  which  the  more 
iiiiportaDt  formulas  were  derived. 

Sharp  crested    rectangular    weirs   with   free   overfall   and   the 

Junvation  of  their  formulas  will  be  first  considered;  and  then  the 

billies  of  the  coefficients  by  which  the  same  formulas  and  oc- 

L      i^^iooil  new  ones  have  been  made  to  suit  weirs  of  irregular  section 

Hiud  outline  with  submerged  or  other  modified  conditions. 

■  Weir  Formulas 

^.  The  general  weir  formula  may  be  expressed  by  the  equa- 
timi  Q=  Ciff'.  To  this  form  all  the  equations  in  use  may  be 
r-iiuceil;  but  it  is  better  practice,  in  view  of  the  several  methods 
"f 'orrecting  for  the  velocity  of  approach  followed  by  the  various 
'■T«rii neuters,  to  use  their  form  of  equation. 
The  Francis  formula. 

Q=S.S^(L-.lNir}ffK  (2) 

fl-l=[(A  +  /..)i-/,,l]. 
^  §  233. 

*  for  ih«  moBt  camplete  compilalioti  and  examination  of  exiallng  neir  dntn.  aa 
"-'I  M  (i>r  bltlieno  QiipubliBhed  reaulw,  the  invalaable  W.  S,  &  I.  Paper  No.  200, 
'jJ  B.  t,  HonoD,  Weir  ExptrimeHU,  CoeffldeiUi,  etc.,  sbould  be  ouiisulted. 
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The  Fteley  and  Stearns  formula- 

J  =  (A  +  l.oO  A,)  for  suppressed  weirs. 

^=(A  +  2.U5A,)  for  contracted  weirs. 
Fur  contracted  weir  make  L  =  {L—  .1  Nffy, 
Si-e  §§  2:^7-242. 
The  H.  Smith.  Jr.,  formula. 

H=  (h  + 1 J  /i,)  for  suppressed  weirs. 

H=  (A  +  1.4  hf)  for  contracted  weira. 
See  §  243. 
The  Bazin  formula. 

Q  =  mLh(2g}iy  (for  suppressed  weirs  only). 

m  =  coefficient  including  effects  of  crest  contraction  an 
velocity  of  approach. 
.See  §§  252-255. 

Francis's  Experisient3  on  Shabp-cbested  Veetical  W 
WITH  Free  Overfall 

227.  James  B.  Francis  made  at  Lowell,  Massachusetts,  di 
tlie  period  of  1848  to  1852,  elaborate  investigations  in  the 
of  water  over  weira  which,  although  limited  in  range,  have  ra 
if  ever,  been  escelled  in  precision.  They  were  published  nr 
his  other  notable  hydraulic  researches  in  the  Lowell  Hydr 
Experiments. 

228.  Development  of  formula.'  In  order  to  establish  a  for 
for  computing  the  diaclinrge  over  sharp-crested  weirs  with 
contractions,  Francis  caused  a  constant  but  unknown  volu 
of  How  to  pass  over  various  weirs  of  different  lengths  from  3 
17  feet,  and  having  from  2  to  8  lateral  (end)  contractions.  1 
simultaneous  measurements  of  head  and  observations  of  the  el 
of  lateral  contractions,  he  adopted  the  following  formula  : 

Q=C(L- 0.1  NS)sy  t  m 

•  LoiBell  Hydraulic  Erperimenta.  pp.  71-102.  '  ^^| 

t  MaintainfHJ  cnnsuint  by  &  oonsta.nt  head  on  get  nf  nheel  orifices.       ^| 
1  Same,  p,  118,     He  sUled  tbiit  Uie  1.47Lh  power,  while  inconvenient  t 
wag  more  exact  Ihftii  the  IJi  power  iifed. 
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Detemunation  of  the  coefficient  C.  To  establish  a  value  for  (lie 
fti-iiicient  C,  Francis  made  a  series  of  88  esperiments  measuriiif; 
till!  volume  of  flow  in  a  large  basin." 

229.  Weir  settings,  t  The  same  weir  w&s  used  in  all  experiments. 
tui]  •KOA  set  at  the  end  of  a  lock  chamber  about  22.5  feet  long  liav- 


Fio.  83.  —  Freiicii 


'  Tli««e ezperimpnlH  were  made  at  Lowell,  Masaachusetts,  at  the  "lower locks," 
*^»lled,  at  liie  wuler  power  norporalion  known  n»  llie  l*roprieWrB  of  Hie  Locks 
^^  CanalH  oo  ihe  Merrimack  River,  nhich  company  bore  the  eipense  ot  tlie 
^^Wtpition. 

1  Figure*  82  and  83  are  reproduced  (rom  Plate  XIV,  Lotnell  RydraaUc  Erprri- 
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ing  a  plank  bottom  and  maaonry  side  walls.  The  weir  with  e^ 
contractions  is  shown  in  figuie  82.  The  weir  without  end  c<^ 
tractions  (suppressed  weir)  was  obtained  by  building  two  paraL  J 
timber  walls  inside  the  original  channel,  each  20  feet  in  lengj-^ 
and  separated  by  a  space  equal  to  the  length  o(  the  weir.  Figix^ 
83  shows  the  exact  arrangements  for  the  suppressed  weir  exper 
ments.  For  experiments  36-43,  62-66,  79-^4,  and  85-88  a  leve 
false  bottom  20  feet  long  and  2  feet  lower  than  the  crest  vfbi 
added ;  and  for  experiments  34-36,  and  85-88,  a  two-foot  partitioc 
with  sharp  edges  was  set  in  the  middle  of  the  crest  to  cause  Iw^ 
additional  end  corrections. 

230.  Measurements  of  head.  The  head  was  observed  by  twrt 
liook  gauges,  one  on  each  side  of  the  channel,  set  in  still  hose* 
wliich  were  18  inches  long  bj'  11  inches  wide  as  shown  in  figures 
82  and  83,  Communication  with  the  channel  was  made  for  the 
contracted  weir  measurements  by  a  one-inch  diameter  hole  in 
the  bottom  of  each  box,  located  6  feet  upstream  from  the  weir  andi 
4  inches  lower  than  the  level  of  the  crest.  For  the  suppressed 
weir,  communication  was  established  by  pipes  B,  opening  into  the 
sides  of  the  channel  one  foot  lower  than  the  level  of  the  crest,  os 
by  the  single  opening  for  the  pipes  4  and  5  which  were  set  in  the 
board  C.  The  pipes  1,  2,  3,  6.  7.  an<J  8  shown  in  figure  83  were 
not  used  in  this  set  of  experimenta.  All  three  openings  used  were 
therefore  6  feet  upstream  from  the  weir.  To  prevent  rapid  oscil 
lationa,  the  openings  were  throttled  by  a  perforated  plug  set  oi 
the  inside  of  the  still  boxes. 

231,  The  volume  of  flow  was  measured  by  the  rise  of  the  watea 
surfaces  in  a  rectangular  wooden  basin  built  into  the  lower  locks 
into  which,  when  the  desired  rate  of  Sow  was  established  b_ 
means  of  head  gates,  the  stream  over  the  weir  was  deflected  by 
swinging  hood.  (See  figure  83.)  In  the  periods  between  experf 
metita  the  hood  caused  the  water  to  be  wasted  through  a  by-p8& 
channel.  The  volume  of  the  measuring  basin,  which  was  detefl 
mined  by  careful  measurements,  was  over  12,000  cubic  feet,  an~ 
was  nearly  filled  during  each  experiment ;  in  every  case  a  col 
rection  was  made  for  the  slight  amount  of  leakage. 

I  doratiOD  of  each  experiment  was  measured  on  a  marir: 
mometer.     The  beginning  and  end  of  each  experiment  whb  atf 
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nounced  by  a  bell  operated  by  an  electric  circuit  which  was 
opened  and  closed  when  the  swinging  arm  carrying  the  level 
reJtched  the  position  at  which  half  of  the  stream  was  flowing  into 
the  measuring  basin. 

The  duration  of  individual  experiments  was  from  182  to  822 
s^^oods.  The  extreme  error  in  the  observations  used  in  the  de- 
termining the  value  of  the  Francis  coefficient  Q  probably  did  not 
e3c:ceed  one  half  of  one  per  cent. 

232.  The  conditions,  setting,  and  the  results  of  the  eighty-eight 
e^:periments  are  summarized  in  Table  XXX. 

S33.  Francis's  formnla.     Francis  fixed  on   3.33  as  the  mean 
vsUoe  of  (7,  making  the  general  formula 

C  =  3.33(X-0.1iV2r)ir*. 
The  corrected  J?  is  to  be  computed  by  the  expression 

which,  although  differently  derived,  *  is  equivalent  to  using  the 
precise  formula  for  rectangular  orifices  (Chapter  IX,  formula  14) 
and  integrating  it  between  the  limits,  (A  +  Av)  and  (0  +  A^). 

Francis's  Formulas 
t(n  contracted  weirs^  neglecting  velocity  of  approach : 

C=3.33(X-.liVrA)A*.  (7) 

I'or  contracted  weir%^  head  corrected  for  velocity  of  approach : 

(?  =  3.83(i  -  .1  NH^  [(A  +  A.)*  -  K^V  (8) 

^OTB.    The  use  of  h  instead  of  H  in  the  factor  (L  —  .  1  NH)  used  in  correcting 
^  end  contractions  is  as  precise  as  ordinary  practice  warrants. 

tor  iuppressed  weirs^  neglecting  velocity  of  approach : 

C=3.33iA*.  (9) 

tor  9uppre89ed  weir 9^  head  corrected  for  velocity  of  approach : 

(?  =  3.33X[(A  +  A,)*-A.*].  (10) 

^  correction  for  the  velocity  of  approach  may  be  made  by  suc- 

^ive  approximations  by  solving  Q  by  formula  (7)  or  (9),  then 

dividing  Q  thus  found  by  the  area  of  the  channel  of  approach, 

;j:|  *  Lowell  Hydraulic  Experiments,  pp.  116-118. 
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which  gives  a  trial  value  of  F^  from  which  A,  [  =s  —^  ]  is  determined. 

A  second  determination  of  Q  by  formula  (8)  or  (10)  will  usually 
be  as  precise  as  is  necessary. 

This  computation  will  be  much  simplified  by  the  table  of  weir 
discharge  per  foot  of  crest  (Table  LXIV)  or  discharge  diagram 
(figure  85),  the  tables  of  velocity  heads  (Table  LXII),  and  the 
table  of  values  of  h}  (Table  LXXIV). 

Messrs.  Hunking  and  Hart  *  suggested  a  simpler  equivalent  for 

5;  viz.  making  IT*  equal  to  JTA*  =  (A  +  A^* ""  *"*•  (H) 

The  value  of  K  will  very  nearly  be,  1  +  .2489[ -— j ,  or  nearly 

/    1    V  2 

nough  for  most  cases,  1  -I-  ( 5^ )  •     ^^^  ^  see  §  214. 

The  Francis  fonnulas  are  strictly  applicable  only  to  vertical 
barp-crested  rectangular  weirs  with  complete  contractions  and 
v^ith  free  overfall  and  / 

When  the   head  (^)  is  not  greater  than  one  third  the  length 

Ci); 

When  the  head  is  not  less  than  .5  foot  nor  more  than  2  feet ; 

When  the  velocity  of  approach  is  1  foot  per  second  or  less ; 

When  the  height  of  the  weir  is  at  least  3  times  the  head. 

In  all  probability  the  formulas  are  usalble  with  higher  heads 
than  2  feet  but  not  much  lower  than  .5  foot  as  shown  by  Fteley 
and  Stearns's  experiments. 

Example.  Given  a  weir  with  two  contractions,  length  =  10.24 
f^et;  height  of  crest  =  3.8  feet;  width  of  channel  of  approach  = 
15  feet ;  observed  head  =  1.2  feet.  Compute  the  discharge  in 
cubic  feet  per  second,  making  correction  for  velocity  of  approach. 
From  Table  LXIV  or  diagram  (figure  85),  Q  =  i.3S  (approx.) 
cubic  feet  per  second  per  foot  of  crest. 

Hence  Q  «  4.38(10.24  -  .2  x  1.2)  =  43.8  (approx.). 


Whence        Va  =  — r-^ — '  =  .69  feet  per  second, 

(0.8  4"  1.2)15 


and 


A,  =  --l^?  =  .0054  (from  Table  LXII). 
•^  if 

Journal  Franklin  Inst.,  August,  1884,  pp.  121-126. 
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Then  (h  +  Aj*  =  (1.2054 )i  =  +  1.3234  (from  Table  LXXIV: 
aud  _/,J  =  _    .000.1 

r.;J229 

Hence  ^=3.33x10  x  1.3229  =  44.053  cubic  feet  per  second 

lu  this  example  the  oorrectioa  due  to  velocity  of  approach 
but  .25  cubic  feet  or  about  .6  of  one  per  cent. 

By  Munking  and  Hart's  method  of  correcting  for  velocitj- ■ 
approach. 


„^  15  X  (3.8  +  1.2)   _„  , 
(10.24-.2x  1.2) 


And  ^=  1  + 
Then  ©=3.33(10.24 -.24)  x  1.2* 


X  7.5. 
1.0064  =  44.054. 

cubic  feet  per  seconi 


Ftelet  and  Stearns's  Espkhiments  on  Shaep-crested 
Weirs  wits  Free  Overfall 

234.  In  1877-79  Alphonse  Fteley  and  Frederic  P.  Steams 
made  investigations  in  the  flow  of  water  over  weirs  which  m 
only  verified  Francis's  results,  but  also  contributed  new  and  ace 
rate  data  concerning  velocity  of  approach  and  the  flow  of  wat 
over  weirs,  especially  with  low  heads. 

The  conditions  of  these  experiments  may,  in  so  far  as  they  app 
to  sharp-crested  vertical  weirs,  be  summarized  as  shown  In  TaL 
XXXI. 

235.  Heasurement  of  head.  In  all  the  five  sets  of  experimea 
the  head  was  measured  hy  hook  gauges  set  in  still  boxes  wh  1 
were  connected  with  the  channel  by  pipes.  Although  the  acti 
form  of  piezometer  openings  varied,  the  essential  condition  tl 
the  opening  be  at  or  below  the  crest  in  and  normal  to  a  flat  si 
face  parallel  to  the  direction  of  flow,  was  in  all  cases  maintain* 
The  location  of  each  opening  is  stated  in  the  table. 

236.  Measurement  of  volume  of  flow.  In  the  experiments  (in 
caled  in  Table  XXXI  as  A)  upon  the  suppressed  weir  5  feet 
length,  the  volumes  were  measured  by  observing  the  rise  of   < 

•  Traw.  Am.  Soe.  C.  E.^  Vol.  12.  ISM,  pp.  1-114.  E x penmen »  were  mfLd« 
and  at  the  entrance  to  the  Sudbury  Aqueduct  of  the  Bosl«n  (uon  Metropolis- 
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water  surfaces  in  two  basins.  One  had  a  capacity  of  about  J 
cubic  feet,  and  the  other  a  capacity  of  about  6400  cubic  k 
These  basins  were  formed  hy  p»rtitioDiag  off  conveuient  portit 
of  the  Sudbury  aqueduct. 

In  the  experiments  indicated  rs  B  and  C,  a  constant  but  n 
determined  volume  of  flow  was  maintained  by  esiablishirig 
steady  head  upon  certain  orifices  above  the  experimental  weii 

In  tfie  experiments  indicated  as  D,  the  discharge  was  ma 
uied  on  the  i^uppressed  weir  (5  feet  long)  previously  calibrated 

In  the  experiments  (indicated  as  E)  upon  the  suppressed  w 
19  feet  long,  the  volume  was  measured  by  the  rise  of  water  8i 
faces  in  another  portion  of  the  Sudbury  aqueduct.  11.600  feet  loi 
which  had  a  measuring  capiicity  of  300,000  cubic  feet. 

The  time  for  all  ecperiments  was  observed  by  a  stop  watch  re. 
ing  ^  seconds,  checked  for  long  intervals  by  a  chronometer.  1 
duration  of  experiments  on  the  5-foot  weir  varied  from  200 
3481  seconds;  on  the  19-foot  weir  from  2193  to  14,852  seconi 
The  period  of  flow  was  regulated  by  the  use  of  stop  pbinks  a 
gates. 

The  results  of  Fteley  and  Stearns's  experiments  briefly  stai 
are  as  follows: 

237.  Formula  for  the  suppressed  veir  5  feet  long.  From  t 
31  experiments  on  the  5-foot  weir,  the  following  formula  <c 
derived : 

Q  =  2.33Lff^  +  M65L.  (: 

H  in  this  case  was  computed  as  equal  to  (A  -*- 1.8  A,), 

238.  Corrections  for  velocity  of  approach.  From  94  experime: 
on  suppressed  weirs  and  17  experiments  on  contracted  weirs, 
which  a  false  bottom  was  used  to  vury  the  heights  of  the  ere 
the  following  values  of  a  fai  be  used  in  the  expression  (A  +  «^, 
by  which  the  corrected  head  ff  Is  to  be  computed,  were  del* 
mined  for  suppressed  weirs.  For  weirs  with  two  end  contractio; 
add  .55  to  the  value  of  a  given  in  Table  XXXII. 
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TABLE  XXXII 

Values  of  a  for  Supprrsskd  Weirs  to  be  Used  in  the  Formula 
/f  =  (A  +  ahr>)  FOR  Various  Values  of  p 


Obsuyrd  Hbad 

IN  FBBT 

p  =  0.5* 

p=1.0 

p=1.7 
1.66 

P  =  2.6  AND 

Higher 

.2 

1.70 

1.87 

1.51 

.3 

1.53 

1.83 

1.65 

1.50 

.4 

1.53 

1.79 

1.63 

1.49 

.6 

1.52 

1.71 

1.60 

1.47 

.8 

1.50 

1.65 

1.57 
1..56 

1.45 

.9 

1.49 
1.48 

1.63 
1.61 

1.44 

1.0 

1.54 

1.43 

1.2 

1.57 

1.51 

1.41 

1.4 

1.54 

1.48 

1.39 

1.6 

1.51 

1.44 

1.37 

1.8 

1.41 

1.35 

2.0 

1.38 

1.33 

Values  below  the  line  are  beyond  the  limits  of  actual  experiment. 

The  above  values  are  to  be  used  where  considerable  refinement 
of  calculation  is  desired. 

For  average  values  of  a  correction  for  velocity  of  approach  to  be 
^d  in  a  general  formula,  Fteley  and  Stearns  deduced  the  follow- 
^^^  expressions : 

For  suppressed  weirs,  J5r=  h  -h  1.5  h^. 

Por  weirs  with  two  end  contractions,  H=  h  -h  2.06  A,. 

239.  End  contractions.  Fifty-four  experiments  were  made  on 
^he  5-foot  weir :  first  with  no  end  contractions,  and  afterwards 
^ith  the  same  weir  shortened  to  provide  one  contraction  and  later 
^^0;  the  discharge  was  made  steady  and  measured  over  the  5- 
foot suppressed  weir;  then  without  changing  the  volume  of  flow 
^he  contractions  were  set  in  one  at  p  time  and  the  effect  of  each 
change  noted  by  the  change  in  head.  From  these  experiments 
Heley  and  Stearns  reach  the  following  conclusions : 

The  contraction  did  not  increase  regularly  with  the  increase  in 
head. 

^Vith  different  forms  of  weirs  the  effect  of  contraction  had  a 
Variable  effect,  not  sufficiently  determined  to  be  defined  as  a  law. 
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In   the   Francis  factor  fi  — i- — ].  --  waa  found  to  be  ni 

constnut  value.  It  varied  witli  perfect  contraction  from  .06 
to  .124  H,* 

As  the  end  contractionB  can  not  be  properly  compensated 
they  should  for  accurate  measurements  be  avoided ;  or  if  unavi 
able,  one  instead  of  two  should  be  used. 

Heing  unable  to  offer  a  satisfactory  substitute,  they  rec 
meniled  Fmncis's  method  of  making  this  correction  as  be 
reasonalilv  correct. 

240.  Formula  for  the  suppressed  weir  19  feet  long.  From 
10  experimentH  on  the  8Upt)re88ed  weir,  18.966  feet  in  length, 
following  formula  was  derived: 

e  =  3.291  ifl"'  +  . 004  £.  ( 

H={h  +  -2Ah..). 

241.  Recomputation  of  Francis's  experimental  results.  F 
a  recomputation  of  J.  B.  Francis's  experiments,  the  follow 
formula  was  found  to  lit  his  observations  : 

Q  =  ?,.^ULH^  +  MQL.  ( 

242.  Fteley  and  Stearns's  general  formula.  From  an  exam 
tioii  of  tlieir  own  and  Francis's  results  tliey  proposed  the  gen 
formula:  ^^ 

C  =  3.31  £fli  +  . 007  £.  J 

I{  for  suppressed  weirs  =  (A  + 1.5  h.').  ^^M 

H  for  contracted  weirs  (2  ends)=s(A+  2.05  A,).     ^^ 

For  the  net  length  of  contracted  weirs  use  (_i  —  0.1  NH). 

The  present   practice  largely  follows  the  Fteley  and  Stei 

fDrmuIa  for  heads  from  .07  to  .5  foot  and  beyond  this  the  Fra 

formula;  Table  I.XIV  (Appendix)  is  computed  in  this  mam 

Fteley   and  Stearns  al.so   devoted  considerable  attention  to 

question  of  measuring  the  head  somewhere  within   the  area 

increased  pressure  and  of  no  velocity  (see  figure  78)  upstn 

from  and  just  behind  the  weir,  which  Francis  had  mention 

but  they  did  not  recommend  measuring  the  bead  in  this  ai 

TT>ey  suggested  th»t  the  piezometer  orifice  may  be  set  at  any  de 


wKiRs  2ia 

f  located  upstream  from  the  weir  at  least  2J  times  p ;    but  if 
such  nearer  than  this,  the  opening  ahould  not  be  much  below 
uid  depth, 
^figure  85  ia  a  diagram  for  determining  the  discharge  of  weirs, 
i>u  Ikised  on  the  Fleley  and  Stearns  formula  up  to  heaHs  of  ,5 


•^^s^,mn- >■'']-■ 


tand  the  Francis  formula  for  higher  heads,  for  a  weir  one  foot 
;  (or  longer  weirs  the  discharge  is  proportional  to  the  length 
preoted  (or  end  contractions,  it  any). 

(»i)  Compute  the  discharge  through  a  suppressed 
itBIwit  loug.  the  crest  of  which  is  1.50  feet  above  the  bottom 
Buincbanael,  when  the  observed  head  is  .50  ft. 


r 

I 
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Neglecting  velocity  of  approach, 

Q  =  3.31  X  6.  X  .5'  +  .OUT  x  6.  =  7.06. 
Correoting  for  velocity  of  approach, 

r^  = "^-y^  =  .59 ;  A,  =  .0054; 

6  X  (1.00  +  . 50) 

S=  .5000  + 1.5(.0054)  =  .508 ; 

Then  Q  =■  3.31  x  6.  x  .508*  +  .007  x  6.  =  7.24  cu.  ft.  aec. 

(6)  Compute  the  discharge  through  a  weir  with  two  end  C(»J 
tractions  6  feet  long,  with  its  cre»t  1.50  feet  above  the  tiottou  < 
the  channel;  channel  9  feet  wide.     Observed  head  .50  foot 

e  =  3.3I[6-C.2x.5)]x.5'  +  .007[6-(.2x.5)] 
=  6.94. 

V.  = ^-^^     ^    =.39;  A,  =  .O024: 

S-  .500  +  2.05  X  .0024  =  .5049  j 
g  =  3.31  X  5.9  X  .5049*  +  .007  x  .5.9=  7.05  cu.  ft.  sec. 

Invbstio&tiokb  of  Hamilton  Smith,  Jb. 

243.    H.  Smith,  Jr.,*  reviewed  and  recomputed  from  the  reau ' 

of  Lesbros,  Poncelet  and  Leabros,  Francis,  and  Fteley  and  Stean 

together  with  12  experiments  of  bis  own  on  a  weir  2.6  feet  lo 

with  two  end  contractions,  values  of  e  in  the  fundamental  forma. 

For  suppressed  weirs,  S=(^k  +  H S,), 
For  weirs  with  2  end  contntctions. 

Whence  c=  g(known  by  experiments) 

The  values  of  e  thas  determined  were  plotted  and  throv) 
them  curves  were  drawn  for  weirs  of  different  form  and  leng 
Finally  these  values  of  c  were  tabulated  as  given  in  Table  LSI 
(Appendix)  ;  different  coefficients  c,  and  c,  were  established 
Bujipreased  and  contracted  weirs, 

•  BydratLlict. 
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Bazis  Experiments  on  Sharp-cbbsted  Weirs  with 

Keee  Ovekfall 
M4.  Henri  Bazin'a  experiments,  beginning  in  1886*  and  ex- 
temling  over  many  subsequent  years,  are  the  most  notable  contri- 
Ibmion  to  the  science  of  weir  measurements.  His  early  investi- 
■.Jations  fariiUlieii  much  new  data  in  regard  to  sharp- ores  ted 
Iweira,  especially  concerning  the  effects  of  variations  in  height  of 
r Crwt  and  in  velocity  of  approach ;  and  his  subsequent  work  on 
^eire  of  irregular  sections  and  modified  nappes  opened  a  field  ' 
•^'f  knowledge  almost  unexplored. 

Baiin's  experiments  on  sharp-crested  vertical  weirs  having  no 
eiil  contmctions  comprised :  I 

(1)  The  calibration  of  a  vertical,  sharp-crested  weir,  the  nappe   i 
fiiJliiig  freely  in  the  air ;  the  volume  of  flow  being  measured  in  a 
'■"^e  basin.     This  became  his  standard  weir. 

(2)  Calibration  of  sharp-created  weirs  having  different  heights 
ip)  of  crest;   the  volume  of  flow  being  determined  by  placing   ^ 
'''«rn  in  tandem  with  ihe  standard  weir. 

S15.    Calibration  of  the  standard  weir.     The  weir  was  set  in  a 
BUiigular  chatmel  of  smooth-faced  concrete  6.56  feet  (2  m.)  wide, 


-25  feet  (l.ti m.)  deep,  and  straight  for  49.2  feet  (15 m.)  upstream 
xmm  the  weir.     See  figure  86. 

Al  the  downstream  face  of  the  weir  two  recesses  were  built  in 
*Jie  sides  of  the  channel  to  provide  free  access  of  air  underneath 
*  ''e  nappe ;  but  to  prevent  lateral  expansion  of  the  nappe  the  sides 
*-'f  the  channel  were  prolonged  downstream  from  above  the  level 

if  the  crest. 
'  %4fi.    Measurement  of  volume.      Below  the  weir  was  a  channel 
fcedasa  measuring  basin  O.ofi  feet  (2m.)  wide,  3.94  feet  (1.2  m.) 
'*  Anitaln  di')  Poatu  H  Chavaseea.  Mem.  et  Uoc,  18Sy,  2d  HeuieBCre,  pp.  303-448.      ' 
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deep,  and  656  feet  (200  m.)  long,  having  a  bottom  slope  of  nl 
1  in  1000,  made  of  concrete  with  a  smooth  cement  liaiiig. 
volume  of  tlie  basin  at  different  elevations  and  the  proper  all 
ance  for  leakage  being  det-erniined,  the  rise  in  the  elevation  of 
water  surface  gave  the  discharge. 

The  flow  was  regulated  by  means  of  sluices  set  upstream, 
wooden  stop-gate  was  also  placed  directly  on  the  top  of  the  w 
The  duration  of  experiments  was  from  8  to  40  seconds. 

347.    Heasurement  of  head.     16.4  feet  (5m.)  upstream  from 
weir  crest  there  was   constructed   a   lateral  chamber   1.64 
(.5  m.)  square,  communicating  with  the  channel  of  approach  b^ 
opening  .'S3  foot  (.1  m.)  in  diameter,  at  the  bottom  of  the  chai 
and  normal  to  and  flush  with  the  side  wall  of  the  channel. 

A  hook  gauge  and  a  dial  float  for  observing  the  head  were 
in  this  chamber.  By  the  dial  float  the  fluctuations  of  the  wi 
surface  were  observed  at  very  frequent  intervals  and  from  tl 
the  mean  position  of  the  liand  of  the  dial  was  determined; 
by  the  hook  gauge  the  elevation  of  the  water  in  the  chamber  i 
responding  to  that  mean  position.  The  hook  gauge  and  v 
crest  were  referenced  to  permanent  iron  bench  marks  set  in 
walls  of  the  channel. 

S18.  Limits  of  experiments  on  standard  weir.  The  rating 
the  standard  weir  comprised  three  series  of  experiments. 


No. 

BXFKRI- 

Lenoth  or 
Wkib 

P 

Hbiqht  o» 

Wkir 

IUn««  op 

Dbskrvkd  Hrai> 

IS  Febt 

Kanok  or  Xnat 
or  ArpsoAOH 

PKET  PiEB  8b11 

I 

■2 
S 

87 

6.50  ft. 
Z3»  ft. 
1.64  ft. 

3.72  ft. 
3.72  ft. 
8.30  ft. 

.194  to  1.012  ft. 
.188  to  1.3.19  fL 
.191  to  1.780  ft 

.08  U)  0.74 
.07  to  1.02 
.08  to  1.B2 

Z40.   Formula  adopted.      Basin  adopted  the  common  form 
fordUoharge  Q^r^MClgh)!,  C 

where  m  is  the  coefficient  of  discharge  and  includes  the  effec 
velocity  of  approach  and  of  all  variable  factors  excepting 
head. 
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Prom  the  values  of  Q  determined  volumetrically,  values  of  m 
eorresponding  to  the  different  values  of  observed  heads  were  com- 
pvited  by  the  equation 

^^         Q 

The  mean  values  of  m  for  series   1   and   2,  with  values  for 

series  3  (which  were  less  precise)  for  heads  above  1.3  feet,  were 

plotted  against  the  corresponding  observed  heads.     Through  the 

midst  of  these  points  a  smooth  curve  was  drawn  averaging  errors 

of  observation ;  and  from  this  curve  values  of  m  were  tabulated. 

See  column  2  in  Table  XXXIII.     Bazin  found  that  these  values 

from  the   curve,  on   the   average,   agreed   within   ^^  with   the 

original  observations ;  in  a  few  extreme  cases  within  only  y^. 

250.  Experiments  on  weirs  of  different  heights  (^)  of  crest. 
Bazin,  having  established  coefficients  for  his  standard  weir,  set 
up,  one  at  a  time,  four  other  vertical  sharp-crested  weirs  in 
tandem  with  his  standard  weir.  These  weirs  were  erected  be- 
low the  original  weir  in  the  channel,  which  was  used  in  the 
.  first  experiments  as  a  measuring  basin.  The  head  was  read  on 
each  of  these  lower  weirs,*  through  a  hole  16.4  feet  upstream  in 
the  manner  described  for  the  standard  weir.*  See  figure  86. 
Thus,  as  the  same  volume  of  flow  Q  passed  over  both  weirs  in 
succession,  the  value  of  m  (which  may  be  called  m')  for  each 
of  the  four  lower  weirs  was  computed  by  comparison  as  follows  : 

For  the  weir  ^  feet  high,      Q  =  L'm'  (2  g)^  h'K 
For  the  standard  weir,  Q  =  Lm  (2^)*  A*. 

Therefore,  m'  =  mjj  fj-)  .  (18) 

The  lengths  L\  £,  etc.,  were  constructed  as  nearly  as  possible 
^ual  to  6.56  feet  (2  m.) ;  but  as  discrepancies  occurred,  actual 
^^ligtha  had  to  be  used  in  computations. 

Umits  of  experiments  on  weirs  of  various  heights.  The  experi- 
ments comprised  the  following  series : 

*  Daring  these  experiments  the  head  was  also  measured  on  the  standard  weir, 
^^•4  feet  upstream,  except  in  series  4,  6,  and  8,  when  it  was  moved  to  32.8  feet 
Stream. 


I  III ='^ — 


m "{''■'■i«''>  r,,j,(3-:n  ^''' 


':':","::::>' -' "^   ^  o»tf 

>"««""""               ,„_„1+H,.  +  WJ  (20- 

I         .f   k  AllU^sW'- 
y-iili  1  -A,. +  '■■'-'            ,  „„»i. 
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TABLE  XXXm 

EXPKRIMRNTAL  VALUES  OF  m*   IN  BaZIK'S  FORMULA 

Q  »  mLh(2hgy  for  different  valaes  of  height  (p)  and  head  (h).     Gotten  by  a  replotting 
of  Bazin'8  carves.    Horizontal  lines  indicate  limits  of  experiment 


Obsrbyed 
Heads 

IN  FKBT 

8 

p  -  3.72* 

S 
i>  =  2.46' 

4 
p  =  1.64' 

6 

p  =  1.15' 

e 

p  «  .79' 

.164 

.4485 

.4487 

.4490 

.4495 

.4505 

.2 

.4428 
.4349 
.4308 

.4435 
.4359 

.4441 

.4451 

.4406 

.3 

.4369 
.4349 

.4389 
.4397 

.4442 

.4 

.4325 

.4476 

.5 

.4283 

.4316 

.4360 

.4428 

.4527 

.6 

.4268 

.4321 

.4379 

.4467 

.4584 

.7 

.4260 

.4332 

.4403 

.4511 

.4646 

.8 

.4258 

.4347 

.4430 

.4555 

.4707 

.9 

.4262 

.4361 

.4459 

.4600 

.4769 

1.0 

.4267 

.4377 

.4489 

.4646 

.4832 

1.1 

.4272 

.4393 

.4519 

.4692 

.4896 

1.2 

.4278 

.4410 

.4550 

.4740 

.4961 

1.3 

.4285 

.4428 

.4581 

.4788 

.5026 

1.4 

.4293 

.4444 

.4612 

1.5 

.4301 

1.6 

.4309 

1.7 

.4318 

1.8 

.4326 

1.9 

.4335 

2.0 

.4344 

Series  1-2-3 

w 

4  and  5 

6  and  7 

8  and  9 

10 

The  value  of  |l.  Theoretically  when  there  is  no  velocity  of 
approach,  that  is,  when  the  value  of  jt>  =  infinity,  m  will  attain 
it«  limiting  value,  which  Bazin  designated  fi  and  computed  from 
'^ues  of  m  for  the  standard  weir  (jo  =  3.72)  ;  very  nearly 

M  = ?      .       ..'  (21) 


1  +  .55 


V3.72  4-A; 


,72  4- A. 

*Bazin*8  values  were  plotted  for  (A)  and  (p)  in  metres,  inconvenient  for  use  and 
iuterpolation  by  American  readers.  We  have  therefore  replotted  these  curves  from 
^ir  tabulated  coordinates  (tables  on  pp.  413  and  433,  Ann,  de»  Fonts  et  ChaussSes, 
^SMneatre,  1888)  to  an  open  scale  and  from  these  curves  taken  values  of  m  corre- 
*P<">ding  to  (A)  and  (p)  in  feet,  further  checking  them  by  interpolation  from  the 
*>ne  original  tables. 
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253.  Tabulated  computatioiiE  of  in  and  8.02  m;  v  ^o^  ^-^  )> 
Using  tlie  values  of  ^  so  eouipuUid,  Baziti  calculated  viiliies  uf 
for  various  heads  (A)  and  heights  of  weir  (p)  in  metres  by  hi 
formula  (19),  and  tabulated  the  results.' 

The  values  of  m  thus  computed,  Bazin  found  to  agree  with  h 
experimental  eoefticientH  within  ^Jj. 

In  Table,   XXXIV,   Bazin's  coeflicienta  iu   terms  of  feet  ai 
given. 


Figure  87  is  a  diagram  baaed  on  Table  XXXIV  for  computic 
the  discharge  by  Biizin's  formula. 


•  Annates  dm  Pun 


I'ImHb.  Vol.  1«,  m 


p.446.     ^^H 
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TABLE  XXXIY                                                      ^^H 

Vum  OF   m  AXDd.02rn;   >x  and  S.02 /i  Correbpondinq   to   Heads   {!,)      ^^^M 

AND  HRiuHTe  or  Weir  (;>)  in  Feet  for  Use  in  Bazin's  Formula     ^^^| 

^^1 

f        p' 

p~ 

P" 

I"- 

J>- 

P- 

P- 

P~ 

P- 

^^^H 

8.S 

cs» 

V-     ^^M 

- 

K-Otm 

)kM-im 

S.O£m 

Mftm 

)i.oat» 

9M3m 

S.DSm 

it.oaM 

8.0>m 

».0%m 

s^.  ^H 

.450 

.4411 

.446 

.444 

.444 

.443 

.443 

.443 

,443 

-443 

-4423      ^^^1 

8.867 

3.601 

3.677 

3.661 

3,501 

3.653 

3.6M 

3.653 

8.563 

3.653 

^^H 

.«T 

.44« 

.440 

.438 

.436 

.430 

.435 

.435 

.434 

.434 

.4337      ^^H 

t.m 

3.6T7 

3,629 

3,GI3 

3,497 

3,497 

3.489 

3.489 

3.481 

3,481 

^^^1 

.¥& 

.448 

.439 

.435 

.433 

.432 

.431 

.430 

.480 

.480 

.4288      ^^^1 

!,TI3 

3.6fl3 

3.631 

3.481) 

8.473 

3.406 

3,457 

3.449 

3.449 

3.440 

8-439       ^^^1 

.488 

.451 

.440 

.436 

.432 

.430 

.428 

.427 

.427 

,427 

.4254      ^^H 

3.TB1 

3.017 

3.620 

3.48!) 

3.466 

3.449 

3,433 

3,425 

3-425 

3-425 

^^H 

.470 

.456 

,442 

.435 

.481 

.429 

.427 

,426 

.425 

.424 

.4227      ^^^1 

S.SIS 

3.S4S 

3.645 

3.489 

3.467 

3.441 

8.426 

3.409 

3.409 

3.400 

3.890        ^^H 

.482 

.480 

.444 

,430 

.432 

.429 

.426 

.434 

.423 

.423 

.4207      ^^H 

a.8(M 

S.«89 

3.561 

3.4iff 

3.465 

3,441 

3.417 

3.400 

8.8D2 

8.898 

3.874      '^^M 

.488 

.486 

.447 

,438 

.433 

,430 

.426 

.424 

.423 

-422 

.4198     ^H 

3.D22 

8.72» 

3.585 

3.613 

3.473 

3.449 

3.417 

3.400 

3.392 

8.384 

3.308       ^^^1 

.4M 

.470 

.451 

.440 

.434 

,430 

.426 

.424 

.422 

-422 

.4182     ^^H 

3.»T0 

8.789 

3.017 

3.629 

3,481 

3,449 

3,417 

8.400 

3.884 

3-384 

3.354       ^^H 

1.0 

.601 

.475 

.464 

.443 

.436 

.432 

.420 

,424 

-422 

.421 

.4178     ^^H 

4.018 

3.810 

3.641 

S.563 

3.497 

3.406 

3,417 

3.400 

3,384 

3.378 

3.346       ^^^H 

^J 

.479 

.467 

.446 

.438 

.433 

.427 

.424 

.422 

.421 

,4104.   ^^^1 

Hi 

3.842 

3.((«fi 

8.609 

3.513 

3.473 

3.425 

3.400 

3.384 

3-376 

^^^1 

■I 

AV& 

.481 

.448 

.439 

,434 

.428 

,424 

.422 

.421 

,4164      ^^H 

■1 

3. 874 

3.097 

3,693 

3,621 

3.481 

3,433 

3,400 

3,384 

3-370 

3.838        ^^H 

^V 

.487 

.464 

.450 

.441 

.435 

,428 

.424 

,422 

.421 

,4146      ^^^1 

Wt 

3.906 

8.721 

3.609 

3,537 

3.489 

3.433 

8,400 

3.384 

8-878 

^^^1 

^P 

.491 

.467 

,452 

.443 

,437 

,429 

.425 

.422 

-421 

.4137     ^^H 

■E 

3.938 

3.T45 

3.025 

S.5S3 

3.505 

3,441 

3,409 

3.384 

3,8T6 

^^H 

P 

-4B5 

.470 

.456 

.445 

,438 

-430 

.425 

.422 

-421 

-4129     ^^^H 

^ 

3. 870 

3.769 

3,049 

3,6*11) 

3,513 

3,449 

3,*H) 

3.384 

3,376 

^^H 

.478 

.467 

.447 

.440 

.431 

.425 

.422 

.421 

^^H 

1.7 

3,793 

3,005 

3,685 

3.629 

3,457 

3,409 

3-3&4 

3.370 

^^H 

.476 

.469 

.448 

.441 

,431 

,420 

,422 

.421 

.4112      ^^^H 

1.8 

3.810 

3,081 

3.5113 

8,637 

3.467 

3.417 

3-384 

3,376 

3.298        ^H 

.478 

.461 

.450 

.442 

.432 

,426 

.422 

.421 

.4104      ^^^1 

lt» 

a.8.S4 

3.697 

3.009 

3.646 

3.465 

8.417 

3-884 

3.876 

3.291        ^^^1 

.480 

.4(a 

,452 

.444 

.433 

.427 

-423 

.431 

.4096      ^^H 

3,850 

3.713 

3.025 

3,561 

3.478 

8.426 

8,392 

3.376 

^^H 

a.o 

.483 

.466 

.468 

,446 

.434 

.427 

.423 

.421 

.4090     ^^1 

3.874 

3.729 

3.833 

3.M. 

3.481 

3.425 

3,392 

3.376 

^^^1 

|j__* 

ilils  t»b1e  vras  constructed  by  the  anthora  as  tallows:     Values  of  Bazin's  n      ^^^H 

■^^  idotwd  to  an  opan  scale  against  the  value  ot  head  In  metres  expressed  aa  feet ;       ^^^H 

^Vaiigh  tbe  plotlcd  points  a  curve  was  drawn,  and  from  thia  curve  values  of  u    *  ^^H 

^JpKipoiiding  to  i^  ft,  were  taken,  the  values  being  further  checked  by  proportloaal       ^^^H 

H^ifsnoe*  from  Baein's  table.    Based  on  these  values  of  ^  Me  table  was  computed       ^^H 

V  Bwin's  tormula  eiactly  as  his  own  orislnal  table,  with  which  by  interpolation       ^^H 

Lbe  tilaes  were  checked.                                                                                                              ^^H 

M 
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254.    Aa  approximate  formula  for  diacharge,  agreeing. 

table   witliin    j^g.      Biiziu  computed   an   approximate  ' 

^=.405  +  — T 


Q 


355-    A  rougher  approximate  formula,  usable  for  heads 

1  font  when  errors  of  3  per  cent  in  the  foi'mula  are  admie 

NoTS.     All  BEizin's  Formulas  given  in  this  book  are  in  tenna  of  feet. 

Example.     Given,  a  suppressed  weir  10  feet  long,  with 

2  feet  high.     Compute  the  discharge  in  cubic  feet  per  secc 
the  observed  head  is  .9  foot. 

By  formula  (20)  and  Table  XXXIV, 

Q  =  .4182ri  +  .55^-^     YllQ  x  .9  x  8.02  x  .9*. 

OT  Q=  3.529  X  10  X  .9*  =  30.18. 
By  formula  (22), 

«  =  (.,„5.-|M)[,,.55(^J]x»xS.O...,. 
By  formida  (23), 

e=r.425  +  .21^--i^Y1lO  X  8.02  X  .9*=  30.48. 

United  States  Dbbp  Waterways  Experiments*  on 
CRESTED  Weirs  with  Fkee  Overfall 
256.    A  series  of  experiments  was  carried  out  at  the 
University  Hydraulic  Laboratory  in  1899  to  determine  t 
of  G  in  the  Francis  formula  for  heads  above  2  feet. 
chaise  was  measured  on  a  weir  16  feet  long  and  13.13  f< 

"  G.  W.  Rafter  and  others,  at  the  Cornell  Hydraiilfc  Laborator 
Jnt.  Soc.  C.  E.,  Vol.  44,  p.  897.  Recomputed  by  E.  E.  Horton,  V.  S.  G 
W.  S.  aitd  I.  Paper,  So.  200. 
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and  computed  by  Bazin's  formula;  and  the  stream  was  allowed 
to  flow  unchanged  in  volume  over  a  weir  placed  in  tandem  with  it 
6.56  feet  long  and  5.2  feet  high.  The  results  of  these  experi- 
ments, as  recomputed  by  R.  E*.  Horton,  are  g^ven  in  Table  XXXV. 

TABLE  XXXV 
U.  S.  D.  W.  Experiments  on  Sharp^rested  Weirs 


SUVOAKD 

WnE,l«FiiT 
Loso,  18.18 

LowxE  Tuni-SDOSD  Wsn:  j>""5.2,  L 

»6.66 

^.BMin 
Formola,  In 
CnblcFeet 
**»  Second 

AinFMt 

h 
p  +  A 

Kt  Hanking 

and  Hart 

Formala 

/r« 

Q,  Cable  Feet 

Per  Second, 

Per  Foot 

of  Length 

(cMTected) 

-fi 

i4.l2 

0.7462 

0.1256 

1.0041 

0.6469 

2.1066 

3.256 

iM2 

0.9139 

0.1495 

1.0056 

0.8787 

2.9143 

3.317 

25.35 

1.0885 

0.1731 

1.0075 

1.1434 

3.8183 

3.331 

32.24 

1.2933 

0.1992 

1.0099 

1.4849 

4.8685 

3.279 

3r.B6 

1.4436 

0.2173 

1.0122 

1.7564 

5.7252 

3.260 

<5.13 

1.6306 

0.2387 

1.0141 

2.1116 

6.8333 

3.236 

52. 02 

1.8115 

0.2583 

1.0166 

2.4787 

7.9750 

3.218 

52.r7 

1.8088 

0.2581 

1.0166 

2.4730 

7.9977 

3.234 

7-'i.-46 

2.2389 

0.3010 

1.0225 

3.4254 

11.1516 

3.226 

9-^.V9 

2.6434 

0.3370 

1.0283 

4.4193 

14.0960 

3.190 

i^^-^.oo 

3.4660 

0.4000 

1.0398 

6.6095 

21.8902 

3.312 

20i^-^ 

4.2747 

0.4512 

1.0504 

9.2867 

30.8008 

3.317 

23:i.^l 

4.6773 

0.4735 

1.0557 

10.6789 

35.5933 

3.333 

Choice  of  Formulas 

^7.   When   Francis   weir   settings   can   be   duplicated  or  the 

velocity  of   approach   is   very  low,  one  foot  per  second  or  less, 

A^re  is  general  willingness  on  the  part  of   both  engineers  and 

daymen  to  accept  his  formula  for  heads  for  from  .5  to  2  feet,  and 

tte  same  is  true  of  the  Fteley  and  Stearns  formula  for   heads 

ot  .07  to  .5  foot.     For  higher  heads   the    Cornell   experiments, 

which  are  the  only  guides,   indicate   that   the    Francis    formula 

n^ay  be  used  with  reasonable  accuracy  up  to  heads  of  5  feet. 

Bazin's  formula  is  the  best  where  his  conditions  can  be  rej^ro- 
duced;  and  if  the  velocity  of  approach  is  high  and  the  height  of 
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weir  low,  his  formula  is  the  only  one  sufficiently  flexible ;  for 
this  reason  it  is  the  most  useful. 

Smith's  coefficients  are  the  result  of  the  most  thorough  study ; 
but  are  based  upon  experimental  data  of  somewhat  unequal 
accuracy.  They  do,  however,  furnish  means  for  satisfactory 
interpolation  to  suit  cases  not  covered  precisely  by  the  data 
which  he  used. 

If  possible,  contracted  weirs  should  be  avoided,  but  are  often 
necessary  to  insure  atmospheric  pressure  underneath  the  nappe ;  if 
end  contractions  are  unavoidable,  the  Francis  formula  should  be 
used. 

For  rough  measurements  there  has  never  appeared  to  be  any 
good  reason  for  departing  from  the  Francis  formula,  which  has 
the  advantage  of  long  usage  and  consequent  familiarity,  especially 
in  legal  cases;  although  it  has  often  been  used  far  beyond  the 
limits  laid  by  Mr.  Francis  himself.  It  should  be  borne  in  mind, 
however,  that  his  formula  applies  only  to  sharp-crested  weirs. 

258.    Precision  obtainable  in  measurements  with  suppressed  weirs. 

Where  conditions  match  the  original  experiments  and  are  other- 
wise favorable,  measurements  by  weir  and  those  made  by  otlier 
methods  have  repeatedly  shown  an  agreement  within  1  per  cent. 
Higher  precision  can  rarely  be  attained,  even  with  the  utmost 
care;  if  conditions  are  nearly  duplicated,  but  the  surroundings 
are  unfavorable,  errors  of  from  1  to  5  per  cent  may  occur. 

For  contracted  weirs  duplicating  Francis  conditions,  errors  of 
about  2  per  cent  may  occur ;  and  in  other  cases  the  accuracy  will 
vary. 

Triangular  and  Trapezoidal  Weirs 


Fio.  88.  — Triangular  Weir. 


259.  Triangular  weirs.  For  any  orifice  the  discharge  through 
any  elementary  lamina  such  as  Ihy  equals  the  area  times  the 
velocity  due  to  the  head  on  its  center.     See  figure  88. 
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Tbe  theoretic  discharge  BQ^  =  ISy  (2  ffy)^. 

^      I      h  —  y 

Therefore  g,  =  X*<^^^*^^\"^V8y. 

Hence  Q,  =^ i (2^)U*.  (24) 

Professor  Thompson  (of  Belfast)  dedaced  experimentally  a 
nine  of  (7=  .617  for  heads  of  .2  to  .8  foot. 

iL 


Hence  ^  =  .617  x  ^(2^)U<  =  1.32  Lhi. 


16 


(25) 


For  right-angled  notches  L=2h;  and  therefore 

C=2.64AJ. 


(26) 


Trapezoidal    weirs.     As  will  be  seen  by  figure  89,  the 
discharge  is  equivalent  to  the  sum  of  the   discharges  of  a  sup- 


Fio.  89.  —Trapezoidal  Weir. 

pressed  weir  and  of  one  triangular  weir  of  height  (A)  and  each 
side  having  a  batter  z ;  hence  neglecting  contractions, 

Q,  =  i(.^ff')^I'h^  +  iV  2  2  (2  «/)Ui.  (27) 

When  the  slope  j?  =  J,  which,  as  has  been  shown  by  Horton,*  is 
just  about  sufficient  to  offset  the  effect  of  end  contractions,  the 
weir  is  called  a  Cippoletti  weir,  after  an  Italian  engineer,  who 
first  described  it  and  derived  from  the  Francis  experiments  a 
coeflBcient  which  (or  its  equivalent  8.867)  is  now  used.     Hence 

^  =  3.367  ZA*.  (28) 

Correction  for  velocity  of  approach  with  the  Cippoletti  weir  is 
"wde  as  for  the  Francis  formula.     The  advantage  of  this  weir 

•W,  S.&  I  Paper,  200. 


lies  i 


tliat   if  a 


suppr 


HYDRAULICS 

esaed   v 


I   not  be   used,  witb  tlit 


form  of  weir  a  constant  value  of  L  muy  be  taken,  thut!  obviiitin  j 
the  tedious  computations  required  to  compute  the  effect  of  en. « 
contractions.  For  continuous  use  where  many  varying  heai 
muHt  be  registered  and  computed,  it  is  convenient ;  and  it  is  mud 
used  in  irrigation  practice  in  the  western  part  of  this  country. 

By  adding  1  per  cent  to  the  values  of  Q  in  the  weir  table  (LXIV  ), 
for  Francis's  formula,  the  discharge  for  a  Cippoletti  weir  may  be 
computed. 

Wbirs  with  Crest  not  Level 
261.  When  the  weir  crest  is  not  about  level,  accurate  measure-  < 
ment  of  discharge  can  not  be  made ;  but  unless  the  crest  is  too 
uneven,  the  average  depth  on  it  may  be  used.  With  the  fona 
of  weir  shown  in  figure  90  the  method  suggested  by  E.  E.  Hortoq.' 
is  probably  as  good  as  any.  i 

The  flow  through  the  elementary  width  5/  is  J 


Total  discharge, 

Integrating, 


«  =  6&)CM-^'). 


(29) 


In  this  formula,  if  for  a  eharp^rested  weir,  either  the  mean  coeflS- 
cient  deduced  by  Thompson 
for  a  triangular  weir,  or  that 
h  of  Craucis,  may  be  used.  It 
there  are  end  contractions, 
reduce  the  length  by 

If  the  crest  is  not  sliarp,  use  an  experimental  value  of  C  whicl 
most  nearly  fits  the  conditions. 

Satisfactory  results  can  not  be  expected  in  any  case  where  th( 
crest  is  not  nearly  level. 
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SUBMBBGED   WeIBS 

If  the  water  on  the  downstream  face  of  a  weir  is  higher 
than  the  crest,  the  weir  is  said  to  be  submerged.  See  figure  91. 
With  our   present  knowledge 

of  coefficients  such  an  appa-  f       ^''l" 

ntos  is  not  to  be  selected  for  A  H 

water  measurements  if  other 
types  of  weirs  can  be  installed. 
Not  infrequently,  however,  the 
existence  of  a  submerged  weir 
in  a  stream  provides  a  very 
Taluable  element  in  getting  a 
permanent  record  of  flow. 
Moreover,  the  effect  of  a  sub-  ^'°-  9i.  -  Submerged  Weir. 

merged  dam  in  raising  the  water  may  be  determined  approxi- 
mately by  computing  the  head  needed  to  discharge  the  required 
volume  of  water,  and  offers  a  means  of  determining  the  effect  of 
back  water. 

The  available  experimental  information  is  chiefly  derived  from 
a  few  experiments  by  Francis,  some  by  Fteley  and  Stearns,  and 
experiments  of  considerable  range  by  Bazin. 

A  =  depth  of  water  measured  to  the  crest  level  on  the  up- 
stream side. 

V  =  depth  of  water  measured  to  the  crest  level  on  the  down- 
stream side. 

f  =  height  of  weir. 

263.  Francis  and  Fteley  and  Steams  experiments.  The  Francis 
experiments*  (1848),  six  in  number,  included  values  of  A  from 
.85  to  .97  foot,  and  of  A'  from  .02  to  .49  foot.  The  Fteley 
Mid  Steams  experiments  f  (1877),  twenty-two  in  number,  in- 
cluded values  of  A  from  .33  to  .81  foot,  and  of  A'  from  .01  to 
•79  foot.  In  Fteley  and  Stearns's  experiments  end  contractions 
were  suppressed  ;  and  the  heads  A  and  hi  were  measured  by 
piezometers  each  6  feet  from  the  crest.     The  method  of  conduct- 


♦  Lowell  Hydraulic  Experiments,  p.  102. 

t  Trans.  Am,  Soc.  C.  E.,  Vol.  12,  pp.  101-108. 
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ing  the  experiments  was  to  submerge  the  weir  after  a  st 
known  flow  had  l>een  established  and  note  the  effect  of 
mergence  upon  the  head.  The  Francis  formula  was  used 
Fteley  and  Stearns  in  computing  the  flow  passing  the  measu 
weir.  From  their  own  and  Francis's  experiments,  Fteley 
Stearns  derived  the  following  formula  and  coeilicients. 
Fteley  and  Stearns  formula  for  sharp -crested  submerged  wi 


having  no 

end  contractions. 

^^CL(h  + 

!)«'■ 

( 

TABLE  XXXVI 

CosmoiBirra  C  roa  ths  Ftrlky 

AND  STKARNfi  Scsmbrobd-Weir  Form 

A' 
>   A 

0 

1 

■ 

• 

• 

s 

• 

' 

8 

a 

A 



ajw 

8JB 

SM 

3.34 

3.3S 

3.37 

3-17 

a.37 

0.1 

a.m 

3.36 

3.85 

3.34 

3..34 

3.33 

3.33 

3.31 

3.30 

: 

0.S 

A30 

3.28 

3,27 

3.26 

3.26 

3.23 

3.24 

3.23 

3.23 

: 

0.3 

.t.ai 

3.31 

3.20 

3.19 

3.19 

8.18 

3.18 

3.17 

3.17 

i 

0.4 

3.16 

3.15 

8.15 

3.U 

3.14 

3,13 

3.13 

3.12 

3.12 

0.ii 

.3.11 

3.11 

3.11 

3.10 

3.10 

3,10 

3.10 

3.10 

3.10 

i 

0.6 

3.09 

3.0S 

3.09 

3.09 

3.09 

3.0D 

3.00 

3.09 

3.09 

i 

0.7 

3.09 

3.09 

3. 10 

3.10 

3.10 

3,10 

3.11 

3.11 

3.11 

i 

0.8 

3.12 

3.13 

3.13 

3.U 

3.14 

3.iri 

3.16 

3.16 

3.17 

3 

0.9 

3.19 

3.30 

3.21 

3.22 

3.23 

3.S5 

3:26 

3.38 

3.30 

3 

1.0 

3.36 

The  correction  for  the  effect  of  velocity  of  approach  maj 


made  by  the  Francis  method,  or  simply  by  adding  to  A, 


The  Fteley  and  Stearns  formula  is  not  applicable  for  valui 

—  less  than  .08  unless  air  has  free  access  under  the  nappe ; 

is  probably  applicable  beyond  the  limits  of  the  experiments. 

264.  Berschel  formula  for  sharp-crested  submerged  weirs,  det 
from  a  recomputation  of  the  Francis  and  the  Fteley  and  Stc 
experiments,  may  be  expressed  as  follows  ; " 

•  R.  E.  Horton,  W.  S.  <£  /.  Paper,  2CtO,  p.  140. 
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^  =  8.83i(nA)*. 

h! 
Ksa  factor  depending  on  the  ratio,  — « 

h 
Table  XXXVII  contains  values  of  n. 


(31) 


TABLE  XXXVn 
Coefficient  n,  Herschrl's  Submeroed-Wrir  Formula.* 


* 
U.0 

0 

1 

2 

s 

4 

6 

e 

7 

8 

9 

1.000 

1.004 

1.006 

1.006 

1.007 

1.007 

1.007 

1.006 

1.006 

1.005 

0.1 

1.005 

1.003 

1.002 

1.000 

0.998 

0.996 

0.994 

0.992 

0.989 

0.987 

Oi 

0.985 

0.982 

0.980 

0.977 

0.975 

0.972 

0.970 

0.967 

0.964 

0.961 

03 

0.959 

0.950 

0.953 

0.950 

0.947 

0.944 

0.941 

0.938 

0.935 

0.932 

U 

0.929 

0.926 

0.922 

0.919 

0.915 

0.912 

0.908 

0.904 

0.900 

0.896 

0.5 

0.892 

0.888 

0.884 

0.880 

0.875 

0.871 

0.866 

0.861 

0.856 

0.851 

0.6 

0.846 

0.841 

0.836 

0.830 

0.824 

0.818 

0.813 

0.806 

0.800 

0.794 

0.7 

0.787 

0.780 

0.773 

0.766 

0.758 

0.750 

0.742 

0.732 

0.723 

0.714 

0.8 

0.703 

0.692 

0.681 

0.669 

0.656 

0.644 

0.631 

0.618 

0.604 

0.590 

0.9 

0.574 

0.557 

0.539 

0.520 

0.498 

0.471 

0.441 

0.402 

0.352 

0.275 

265.  Bazin  formula  f  for  sharp-crested  submerged  weirs.  Bazin 
proposed  as  a  general  formula  for  submerged  weirs  the  following 
expression : 

e  =  m,iA(2^A)i  (32) 

Where  fw.  =  m  x  1.05ri.0  +  .2  *^V|y  =  m^l.05  +  .21  *V|)  • 

w  =  the  coefficient  for  a  similar  sharp-crested  weir  with  free  over- 
fall and  full  crest  contraction,  having  the  same  value  of  h  and  jo. 

Bazin  gave  also  two  formulas  more  limited  and  more  precise ; 
but  it  is  probable  that  the  formula  given  is  as  precise  as  the 
ordinary  use  of  submerged  weirs  will  warrant. 

Example,  Given  a  submerged  sharp-crest  suppressed  weir  10 
feet  long;  the  water  upstream  stands  .49  foot  above  the  crest,  and 
downstream  .16  foot;  the  height  (jt?)  =  1.5  feet.  Compute  the 
discharge  by  (a)  the  Fteley  and  Stearns,  (6)  the  Herschel,  (e?)  tlie 
Bazin  formulas. 

•  Van  No8trand*8  Magazine,  Vol.  34,  p.  176. 

t  Annole*  des  Fonts  et  Chaussees,  Mem.  et  Doc.,  2d  trimestre,  1898,  p.  2."5. 


r 


w 


'AS' 
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.  .326,  then  C  (^by  table;  =  3.194. 


C-3.194xlo(^.49+^y.49-.16)i=10.45  cubic  (eet 
Beoood. 

To   allow  for   velocity  of  approach,  f^  —  '   '  - 


foot  per  second. 

M  the  corrected  head  = 


10(l.o  +  .49J 


.49  +  - 


.  .4942. 


I 


64.32 

Then  Q  -  3.196  x  l(/.4942  +  4^)  C-4942  -  .16)1  =  10.61  ( 
feet  per  second.  " 

(J)  By  table,  »-. 9512. 

e-3.33  X  10(.9512  x  .49)1-10.60  cubic  feet  per  second. 
To  allow  for  velocity  of  approach,  V^ 


10.60 


10(1.5  +  .49J 


.53: 


f  Llie  corrected  head 


64.£ 


.88  X  10(.952  X  .4944)*  =  10.74  cubic  feet  per  second 
1.  fur  A  =  .49,  aad  for  p  =  1.50,  =  .440. 
g=.440(1.06+.21f^)(^y- 


X  10  X  8.02  X. 49*  =  11.38 


feet  per  second. 


DlSCHAIEGB  OF   A   WeIR   UNDER   A   VAEyTNO   HEAD 

266.   No  inflow,  varyiag  outflow,  from  a  reservoir  of  piisn 
form.     Given  a  reservoir  of  prismatic  form  of  area  .f  filled 
height  hg  above  the  crest 
weir;    required  the  time 
essary  to  lower  the  water 
face  to  a  height  A,  above 
crest  of  the  weir  by  disch 
ing  over  it.     See  figure  92 
Let  k  be  the  head  at  the  tii 
Let  FSk  be  the  volume 
charged  from  the  reservoi 
time  Bt. 


FiQ  92.  — Weir  with  Varying  Head. 


The  rate  of  flow  at  the  time  (  will  then  be  8^  =  CLhtSt. 
Also  BQ=  —FBk  (minus,  since  Q  decreases  with  A). 
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FBh 


Whence  St=  — 


CLlS 


Integrating  (33)  between  the  limits  A,  and  h^  corresponding  to 
^=2' and  e  =  0 

The  total  time  required  to  lower  the  surface  from  h^  to  A,  is 
found  to  be 

hf  must  have  a  finite  value,  else  the  problem  is  indeterminate. 
Cmust  be  selected  both  to  suit  the  particular  form  of  the  weir 
and  its  setting,  and  have  an  average  value  which  will  represent 
varying  conditions  of  head  during  the  drawing  ofif. 

Example.  Given  a  prismatic  reservoir  100,000  square  feet  in 
area.  Required  the  time  necessary  to  lower  the  water  by  flow 
^^^r  a  sharp-crested  suppressed  weir  20  feet  long,  from  a  head  of 
3-24  feet  to  a  head  of  .36  foot. 

Let  0  for  the  weir  be  8.33. 

The  time  required. 


T= 


2  X  100000 /_! 1_\  ^  3333  ^^^^^^^ 

3.33  X  20  V(.36)i      (3.24)*/ 


^7.  No  inflow,  varying  outflow,  from  a  resenroir  of  irregular 
volim^e.  Given  a  reservoir  in  which  the  water  surface  varies  in 
areii  as  it  varies  in  elevation ;  the  time  required  to  lower  the 
Water  surface  is  to  be  computed. 

l^etermine  the  volume  contained  between  successive  differences 
^n  elevation  (as  small  as  may  seem  necessary). 

E^ivide  the  volume  between  two  successive  elevations  by  the 
discharge  through  a  weir  for  the  average  head  due  to  the  average 
elevation  of  the  water  surface  between  two  successive  differences, 
and  the  approximate  time  required  for  this  depletion  will  result. 

The  total  time  is  the  summation  of  the  times  required  to  make 
wch  step. 


ir' 
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*                 1 

.     A  reservoir  is  filled   to  elevation  103;    what  time 

wiu  DC 

c^uired  to  lower  its  surface  to  the  crest  of  a  weir  at  eleva- 

tion  IOC 

?     The  overflow  weir  is  a  sharp-crested  suppressed  weir 

20  feet 

long.     The  required  computations  in  tabular  form  are  aa 

follows. 

The  results  deduced  are  only  approximately  correct ; 

but  quite  aa  accurate  as  practice  would  usually  require. 

or  Watk. 

F 

Wat»  Bd«- 
rwt  Squ.u 

FUT 

VoLcn  ot 

Each  .B-Ft. 

t™:"!^.': 

Aviuoi  Etcn 
-5-Ft.  Low..- 

Fob  EA<-n  .i-Y-^. 
l.iwiuini. 

103.0 

400,000 

190,000 

2.75 

303.7 

828 

102.5 

860.000 

170,000 

2.25 

224.8 

758 

102.0 

320,000 

150,000 

1.75 

154.2 

8T3 

.  101.5 

280.000 

130.000 

1.25 

93.1 

1.308 

101.0 

240,000 

110,000 

0.75 

43.3 

2.540 

100.5 

200,000 

90,000 

0.25 

8.3 

10.843 

100.0 

160,000 

Total  time. 

17,l:i4  seconds 

268.   Uniform  infiov,  varying  ontflov. 

Given  a  reservoir  with  a  uniform  inflow  from  a  stream,  and. 
variable  outflow  through  a  weir.* 

Compute  the  difference  in  the  rate  of  inflow  and  outflow. 
'  Divide  the  volume  between  successive  elevations  of  the  surface 
by  this  difference ;  the  result  will  be  the  time  for  each  interval  of 
rise. 

Tlie  total  time  is  the  summation  of  the  time  required  for  each 
step. 

Example.  A  reservoir  is  filled  to  the  elevation  of  its  weir  crest 
(100).  Water  is  flowing  in  at  the  rate  of  300  cubic  feet  per 
second ;    and  begins  to  overflow  a  sharp-crested  suppressed  weir 

s  will  apply  to  orifices  or  sluices  combiQcd  witb 
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20  feet  long.  To  what  elevation  will  the  water  rise  and  in  what 
time?  The  required  computations  in  tabular  form  are  as  follows. 
The  results,  while  only  approximate  in  any  case,  are  sufficiently 
accurate  for  such  problems ;  and  a  greater  accuracy  can  be  obtained 
by  increasing  the  number  of  steps. 


KUTATION 

F 

Abba  of 

Watbb 

SUBFAOB, 

Sq.  Ft. 

a 

YOLUMB   OF 

Each 
.6-Ft.  Risb 

h 

AVBEAGB 

Hbad 

AT  Each 

.5-Ft. 

Rub 

Co 
Outflow 
Atebaob 
roB  Each 

.5-Ft. 

Rise 

Qx 

In- 
flow 
Rate 

«i-«o 

t-     ^ 

or  Watvs 

SVIPACB 

Ci-<?o 
Sbcomdb 

100.0 

160,000 

90,000 

0.25 

8.3 

300 

292 

308 

.100.5 

200,000 

110,000 

0.76 

43.8 

300 

257 

428 

101.0 

240,000 

130,000 

1.25 

93.1 

300 

207 

628 

101.5 

280,000 

150,000 

1.75 

154.2 

300 

146 

1,027 

102.0 

320,000 

170,000 

2.25 

224.8 

300 

75.0 

2,267 

102.5 

360,000 

(92,500)* 

(2.63)* 

(283)* 

300 

(17)» 

5,441 

190,000 

2.75 

303.7 

103.0 

400,000 

10,099  seconds 

Iq  the  same  general  way  and  on  a  diagram  made  especially  for 
^  purpose,  the  rise  or  fall  of  a  reservoir  by  the  discharge  over  a 
weir  through  a  given  interval  of  time  can  be  calculated  where 
both  the  inflow  and  outflow  are  irregular. 


Weibs  of  Irregular  Section 

I.  Previous  to  Bazin's  experiments  the  knowledge  of  the  dis- 
charge over  weirs  of  irregular  section  was  not  extensive;  and  in 
^in's  experiments  the  heads  were  relatively  low.  Several  series 
^f  experiments  made  at  the  Cornell  University  laboratory  ex- 
tended Bazin's  work,  especially  in  the  matter  of  coefficients  for 
%W  heads. 

*9or  rise  102.60  to  102.76.    The  water  will  rise  to  about  102.75  because  at  that 
^visioii  the  rate  of  inflow  and  outflow  about  balance. 
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luasiuuch  an  it  is  necessary  to  reproduce  absolutely  the  conditior 
obtaining  during  any  set  of  experiments  in  order  to  use  the  coefi 
cients  at  all  satisfactorily;  and  because  it  is  almost  never  possibl 
to  reproduce  in  practice  the  exact  form  of  each  weir  crest,  it  is  m 
thought  advisable  to  go  into  the  reasons  for  obtaining  the  resul 
which  were  found  in  the  experiments  referred  to;  but  simply  gii 
the  results  in  figures  showing  the  weirs  and  the  important  cond 
tions  governing  them;  ami  in  diagrams  showing  the  relation  b 
tween  observed  head  and  discbarge. 

R.  E.  Hortun  made  a  careful  analysis  of  all  the  good  availab 
experiments,  including  Bazin's ;  the  latter  he  reduced  to  Engli 
measures,  and  certain  others  he  recomputed.  Horton  also  reduo' 
all  data  to  terms  of  the  Francis  formula  ( CLB^),  and  comput. 
values  of  C  for  use  in  this  formula.  These  values  of  C,  which  a 
based  upon  the  Francis  method  of  making  correction  for  the  velooi 
of  approach,  together  with  all  the  necessary  data,  are  given  in  t. 
Wattr  Supply  and  Irrrigation  Paper  JVb.  200. 

870.  Table  XXXVIII  ia  made  up  of  selected  types  from  tbi 
paper.  The  discharge  curves  are  drawn  with  observed  heaii 
(A)  as  ordinat«s  and  tlie  discharge  Q  in  cubic  feet  per  second  pe 
foot  of  crest  as  abscissse;  values  of  h  and  Q  being  experiments 
determinations.     This  table  will  be  found  in  the  Appendix. 

Problema 

1.  A  weir  6  feet  long  is  set  in  a  channel  6  feet  wide,  and  Ihe  cnst  is  6  f« 
high.  CompuU  the  discharge  by  the  Francis  (ormula  when  the  obanrred  bra 
U  1.SIS  feel. 

3.  A  weir  fl  f«et  long  is  set  in  ft  oh&nnel  IS  f««t  wide,  and  the  crest  b  (t  [o 
high.  CoiupuU  the  discitftrge  by  the  Francis  formnU  when  the  observed  hi>t 
ia  ISU  feoV 

3.  \  weir  1.5  feet  long  is  «et  in  ■  channel  8  feet  wide,  and  the  erect 
4  (vet  high.  Compute  tb«  dischnrgn  when  the  observed  head  is  .6&  tot 
Use  (a)  Fruicis.  am)  ('>)  Ftrlifir  and  Si«artis  (Drinulas. 

4.  A  Weil  5  (ivt  long  is  a?t  in  a  channel  10  feet  wide  and  tlie  cre.it  is  4.. 
fiwt  high.  If  the  obserred  bead  is  .Si  foot,  compute  the  discharge  (a)  by  tl 
Fmcb.  (*)  by  the  Ftoley  and  Sleartia,  (e)  by  the  Smith  formula. 

5.  It  ia  desim)  Xo  build  a  shaT|vorMted  weir  so  that  head  on  its  crest  du 
nut  «xe««d  2  feM  and  which  shall  de1iv«r  430  cubic  feet  per  setoDd.  Tl 
sliwam  is  W  itvt  wide,  and  when  ih*  weir  is  in  place,  is  not  lo  lie  more  tin 
T  f«d  de«[t,  upstream.     UetemiiBs  Icugtb  of  weir  by  the  Francis  fonnnla. 
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6.  A  weir  10  feet  long  with  one  end  contraction  is  set  in  a  channel  13  feet 
wide,  and  the  crest  is  4.5  feet  above  the  bottom.  The  observed  head  is  1.36  feet. 
Compote  the  discharge  by  the  Francis,  and  the  Fteley  and  Steams  formulas  : 
(a)  DO  velocity  of  approach ;  (6)  with  velocity  of  approach. 

7.  A  weir  19  feet  long  is  set  in  a  rectangular  canal  19  feet  wide.  The  crest 
of  the  weir  is  9  feet  above  the  bottom  of  canal.  The  hook  gauge  reading 
showed  a  head  of  .83  foot.  Compute  (a)  the  discharge,  (6)  the  velocity  of 
approach,  and  (c)  the  head  dne  to  same.  Use  Hamilton-Smith  coefficients 
and  compare  with  results  computed  by  Fteley  and  Steams  formula  made 
especially  for  a  19-foot  weir. 

8.  Length  of  weir,  8  feet,  width  of  channel,  10  feet,  observed  head,  .36  foot. 
Height  of  crest,  1.0  foot.  Compute  the  discharge  (a)  by  the  Francis,  and  (b)  by 
the  Fteley  and  Steams  formulas. 

9.  S|ime  weir  as  in  problem  8,  but  with  an  'observed  head  of  1.542  feet. 
Compute  discharge  (a)  by  the  Smith  formula,  and  (b)  by  the  Francis  formula. 

10.  A  weir  15  feet  long  is  set  in  a  channel  15  feet  wide,  the  crest  is  3.28  feet 
high,  and  the  observed  head  is  1.181  feet.  Compute  the  discharge  by  Bazin's 
formulas. 

(a)  The  more  precise  formula. 

(b)  The  approximate  formula. 

(c)  The  rougher  approximate  formula. 

11.  Given  a  suppressed  weir  7  feet  long,  with  the  crest  4.5  feet  above  the 
Attorn  of  the  channel.  Observed  head  is  1.36  feet.  Compute  discharge  by 
tJi«  Francis,  Fteley  and  Stearns,  and  Bazin  formulas :  (a)  not  correcting  for 
^e  velocity  of  approach ;  (6)  correcting  for  the  velocity  of  approach. 

12.  If  a  weir  has  all  the  conditions  the  same  as  in  problem  11,  except  the 
height,  which  is  2.0  feet,  compute  the  discharge  by  the  three  formulas  men- 
tioned, (a)  not  correcting  for  the  velocity  of  approach ;  (b)  con-ecting  for  the 
velocity  of  approach. 

13.  Compute  the  discharge  through  standard  triangular  weir  uhder  a  head 
of  .81  foot. 

14.  Compute  the  discharge  through  a  Cippoletti  weir  under  a  head  of 
•^  foot;   length  of  the  crest,  6  feet. 

15.  Compute  the  discharge  through  a  triangular  notch,  the  sides  of  which 
^eet  at  90  degrees,  when  the  head  is  .64  foot. 

16.  (riven  a  subinerged  weir  with  crest  9  feet  long,  h  is  2.4  feet,  and  /*'  is 
•W  foot.  Compute  the  discharge  (a)  by  Fteley  and  Stearns  formula;  (b)  by 
tbeHerachel  formula;  (c)  by  the  Bazin  formula. 

17.  How  high  should  a  submerged  sharp-crested  weir  be  built  to  deepen  by 
^•J  per  cent  on  the  upstream  side,  the  water  of  a  stream  4  feet  deep  by  20  feet 
^^f"  in  original  section,  if  the  velocity  in  original  section  equals  3  feet  i)er 
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18.    A  dam  is  to  be  boiJt  of  the  full  widtli  of  a  stream  which  is  100 

wide  and  3  feet  deep,  and  the  meau  velocity  of  flow  is  3  feet  per  second.     ( 

pute  the  probable  observed  head  on  Ihe  crest  for  the  followiog  types  of  dauu 

(a)  Baiiij-s  No.  86                                        (<)   U.  S.  D.  W.  No.  12 

(ft)  Sarin's  No.  115                                    {/)   U.  S.  D.  W.  No.  7 

(e)   Bniin'B  No.  137                                     (3)  U.  S.  G.  a  No.  40 

(rf)  Ba»iii-9  No.  164                                 (A)  U.  S.  G.  S.  No.  44 

CO  U.  S.  G.  S.  No.  38 

r 
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271.  The  types  of  floats  used  for  measuring  the  velocity  of 
'*it»niag  wHter  are  surface  floats,  subsurface  floats,  or  combinations 
•*!  the  two.  and  rod  floats.  The  theory  of  float  measurements  is 
'he  same  no  matter  what  kind  of  floats  are  used,  but  the  effect  of 
externa!  conditions  may  be  very  different  upon  the  various  kinds 
of  floats  that  may  be  used, 

^72.    Theory  of  float  measurements.     As  a  fundamental  theorem  ■ 
'f    i>i;iy  be  Btatbd  tliat  the    time  required  by  a  body   floating  in  I 
Running  water,  if  not  influenced  by  wind,  eddies,  and  cross 
'^nis,  and  not  retarded  by  obstructions,  to  pass  from   one  section 
of  a  stream  to  another  section,  is  a  measure  of  the  velocity  of  the 
^"ater  which  is  acting  upon  the  float.     If  the  velocity  of  the  water 
^'ere  uniform  at   every   point   in    the   successive   cross   sections  i 
*-hrongh  which  the  body  is  floatiug,  a  single  run  of  the  float  would  | 
indicate  the  mean  velocity  of  flow ;  and  this  velocity  multiplied 
'*y   the  average   cross-sectional  area  would  give    the   discharge. 
^ince,   however,  the  velocity  of  the  water  at  different  points  in  a 
stream  cross  section  is  not  uniform,  and  since  the  motion  of  the 
float  is  a  resultant  only  of  such  forces  as  are  acting  upon  it,  the 
Velocity  of  the  float  is  a  measure  of  the  velocity  of  only  a  limited 
p'^'rtion  of  the  stream,  equal  to  the  area  of  the  vertical  projection  j 
"f  llie  float  itself  on  a  plane  perpendicular  to  the  direction  of  flow ; 
*ndis  not  a  measure  of  the  velocities  in  other  portions.     While^ 
•^"e  movement  of  a  float  is  usually  influenced  by  eddy  motions  in 
the  water,  yet  it  may  be  safely  stated  that  the  forward  or  trans- 
iaiory  motion  of  the  water  is  usually  modified  in  like  manner. 
^ /'ere fore  it  may  be  assumed  that  the  movement  of  the    float   I 
*'*^1ning  with  the  current  between  two  parallel  cross  sections  is  u  | 
"^^funre  of  the  forward  velocity  of  the  water  in  the  path  o 
^n,t,  and  in  no  other  part. 
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lighter  float  on  the  surface,  where  it  serves  as  a  marker, 
to  the  relatively  greater  volume  of  the  submerged  float,  the  i 
of  the  combination  is  assiimed  to  lie  tJie  resultant  of  the 
_.    acting  on  the  larger  float.     See  figure  9 


—       r  The  procedure  in  measuring  velocity  if 

tar  to  that  of  surface  float  measuremenls. 

277.  Application  of  subsurface  float  cu 
ments.  The  siibsurfiiee  float  is  designed  t 
the  velocity  of  the  water  in  the  different 
underneath  the  surface  of  the  water. 
float  maintains  a  uniform  depth  during  tli 
the  time  of  passage  should  be  a  measure 
average  velocity  at  the  depth  of  submer 
Owing  to  the  effect  of  eddy  currents  th 
merged  float,  if  but  slightly  heavier  than 
is  moved  about  in  an  unpredictable  path  ;  and  it  is  difficult 
just  what  strata  of  the  water  any  particular  run  of  the  flos 
resents.  If  the  float  is  made  heavy  enough  to  resist  the  inf 
of  eddy  currents,  the  signal  flout  must  he  made  so  large  th 
combination  becomes  practically  a  twin  float.  In  fact  it  i; 
difficult  to  study  the  velocities  at  different  depths  with  fl> 
this  character. 

Twin  Floats 

278.  Twin  floats.  Two  floats  of  similar  shape  and  nearly 
weight,  fastened  together  by  a  thin  wire,  and  designed  in 
manner  that  one  floats  on  the  surface  and 

the  other  below  the  surface,  are  called 
twin  floats.  Experience  has  shown  that 
the  velocity  of  the  pair  is  about  the  mean 
of  the  velocities  of  the  two  paths  of 
the  floats. 

279.  Application.  This  type  of  float 
may  give  better  results  than  either  sur- 
face or  subsurface  floats.  In  determining 
the  discharge  of  running  streams,  sub- 
surface floats  of  alt  kinds  will  probably 
be  very  little  used  in  the  future,  because 
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ilie  rod  float  can  ordinarily  be  used  iu  all  ciisea  where  the  twin 
iiaed,  and  with  better  results. 


Rod  Float  Measurements 
!80.  Rod  floats,  Tho  only  floats  for  measuring  the  discharge 
in  njieii  cbaiiiiela  which  have  been  used  continuously  for  a  great 
may  years  on  a  large  scale  are  tlie  so-called  rod  floats,  which  are 
'-vliiiders,  generally  of  metal,  loaded  at  the  bottom  with  sufficient 
lii'ivy  metal  like  lead  so  that  they  will  float  vertically.  In  theory 
the  velocity  of  the  rod  should  bo  very  nearly  the  mean  velocity 
"i  the  water  of  its  path ;  and  comparative  measurements  con- 
lirm  this  assumption.  The  most  careful  study  of  the  theory 
iitid  practice  of  rod  float  measurements  was  made  by  the  late 
I  Jnmes  B.  Francis  of  Lowell,  Massachusetts,  which  study  pre- 
oeded  ihe  genera!  use  of  these  floats  for  gauging  the  water  used 
I  lor  water  power  by  the  different  mills  at  that  place.  With  some 
odifications  the  methods  followed  and  described  in  this  book 
?  those  published  in  Francis's  Lowell  Jli/Jraulio  Experiments.* 
Diis  method  of  measurement  bus  been  used  continuously  for 
ftrly  seventy  years  with  increasing  accuracy. 

281,  Location  of  measuring  flume.  For  tho  most  accurate 
meaaiireraenis  with  rod  floats  a  straight  stretch  of  channel,  called 
*  flume,  ia  required,  which  should  be  located  far  enough  from 
'«D'ls  and  other  obstructions  to  avoid  any  disturbances  of  flow. 

!82.  Shape  of  cross  section  of  the  flume.  The  cross  section  of 
'lie  flume  should  be  rectangular  ;  or  at  least  should  be  of  nearly 
Uflitorai  cross  section  for  its  entire  length  aud  have  the  sides 
PUuIleL  The  sides  and  bottom  of  the  flume  should  be  lined  with 
Perfectly  smooth  planks  or  concrete,  so  that  the  floats  can  be  made 
'"  run  close  up  to  the  sides,  and  within  a  very  few  inches  of  the 
'"'Itom.  without  touching.  There  is  little  advantage  in  attempt- 
'";,'  to  make  a  measurement  with  rod  floats  whose  submerged 
''"I'tli  is  not  very  nearly  equal  to  the  depth  of  the  water. 

'M,   The  length  of  the  flume.     The  total  length  of  the  flume 

'■"Imliiig  approaches  will  be  governed  by  the  average  velocity  of 

'''^  Stream,  but  should  be  sufficient  to  allow  the  rod  floats  to  be 

'3e«  Loaell  EydraaHc  ErperimeaU,  pp.  150-208,  Plates  XVII  and  XIX. 
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put  into  the  water  far  enough  above  the  upper  cross  section  or 
trausit,  as  it  18  called,  to  attain  the  velocity  of  tJie  water ;  ma 
with  the  current  far  enough  so  that  the  error  of  ohservation  with 
the  stop  watch  shall  be  less  than  one  per  cent ;  and  allow  the  float 
to  run  by  the  lower  transit  without  changing  its  speed.  Ordi- 
uarily  with  velocities  of  two  to  five  feet  a  second,  a  humUeil  foi't 
of  clear  length  between  transits  is  a  good  length,  but  less  Uu:i 
this  may  be  used  where  the  velocity  is  low. 

284.  Arrangement  of  flume.  The  arrangements  on  the  groond 
for  a  satisfactory  tinnie  measurement  are  as  follows;  the  diiuBft- 
sious  will  vary  to  suit  the  conditious  : 


AB  (see  figure  96)  is  a  footbridge  from  which  the  floats  i^^ 
leatted.  GH  is  a  corresponding  footbridge,  perhaps  120  fe*=^ 
downstream  for  catching  tlie  floats  and  taking  them  from  t^^ 
water.  CD  , and  EF  are  timbei-s  or  I-beams  used  as  markers  8^^ 
perpendicular  to  DF  and  CE  and  parallel  to  each  other,  ^ 
which  the  distance  in  feet  from  the  left  bank  looking  downstrei^* 
is  marked  in  figures  easily  read  from  the  footbridge  AB  by  t  — ^ 
man  who  puts  in  the  tubes.  /  and  J  are  still  boxes  or  pits  &^^ 
nected  with  the  flume  by  pipes  whose  orifices  are  flush  with  c:^ 
sides  of  the  flume.  In  the  still  boxes  are  gauges  or  scales  grac-IJ 
nted  to  feet,  tenths,  and  hundredths,  their  zeros  level  with  ^C^ 
average  bottom  of  the  flume,  or  to  agree  with  some  dati*-  ^ 
These  gauges  should  be  read  as  oftea  an  necessary  to  get  'C^ 
average  height  of  the  water  during  a  measureuieut. 

SS5.  Apparatus.     The  floats  may  he  of  wood  with  lead  wei^I'" 
iteneJ  at  one  end;  tin  tubes  made  of  tin  plates  soldered    t4 
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gether,  with  a  section  of  lead  of  the  proper  weight  at  one  end  and 
a  water-tight  removable  cover  or  stopper  at  the  other;  or  of 
Beamless  drawn  brass  tubing  2^  inches  outside  diameter  with  the 
lead  weight  cast  into  one  end  and  a  screw  top  on  the  other.  The 
brass  tube  makes  the  best  float,  as  it  can  be  most  carefully  ad- 
justed, is  practically  indestructible,  and  can  be  easily  handled. 
The  tubes  are  adjusted  to  float  with  the  top  a  definite  distance, 
perhaps  6  inches,  above  the  water ;  and  on  the  part  which  shows  is 
marked  plainly  in  feet  and  tenths  the  floating  length  of  the  tube. 
The  other  instruments  necessary  are  a  chronometer,  preferably  a 
stop  watch,  to  read  ^  seconds,  which  will  start  and  stop  by  the 
pressure  of  the  finger;  a  good  level  and  accurate  tape  to  get 
tie  elevation  and  measure  all  the  dimensions  of  the  flume  within 
the  run  of  the  float ;  and  the  necessary  special  notebooks. 

286.  Procedure  in  rod  float  measurements.     Calibration  of  the 

m 

flame  and  gauges.  A  profile  of  the  cross  sections  of  the  flume 
slioald  be  made  on  the  lines  CZ),  UF^  and  as  many  intermediate 
points  as  will  be  necessary  to  give  an  average  cross  section  with  a 
degree  of  accuracy  somewhat  higher  tlian  can  be  attained  by  the 
measurements  of  velocity.  If  the  flume  is  a  permanent  structure, 
these  measurements  need  only  be  made  occasionally,  perhaps  once 
^  year,  provided  the  flume  is  kept  free  from  obstructions  in  the 
Daeantime.  A  drawing  to  scale  of  the  average  cross  section  should 
be  made  directly  upon  the  computation  sheet. 

The  setting  of  the  gauge  or  gauges  should  be  checked  at  least 
^  often  -as  the  flume  is  cross-sectioned  and  the  support  to  which 
the  gauge  is  fastened  should  be  of  the  most  permanent  kind.  The 
distance  between  CD  an^  UF^  which  is  the  exact  run  of  the  floats, 
^d  the  setting  of  the  scale  boards  should  be  determined  when- 
ever necessary,  but  are  usually  fixed  in  construction. 

Duplication  of  runs.  A  complete  gauging  usually  takes  from 
one-half  to  three-quarters  of  an  hour  and  includes  a  run  of  a  float 
for  every  foot  to  two  feet  in  width  of  the  flume.  On  account  of 
changes  from  time  to  time  in  the  use  of  water  from  the  canal,  or 
of  discharge  into  it,  and  also  to  get  rid  as  far  as  possible  of  the 
effects  of  personal  errors  in  the  observations  of  the  velocity  and 
vocation  of  the  floats,  the  gaugings  should  be  made  simultaneously 
^  dnplicate  by  two  parties  who  work  independently,  one  starting 
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ftt  the  left  side  of  the  flume  and  the  other  at  the  right,  Ttetw 
measurements  should  be  entirely  distinct ;  but  any  break  in  tl: 
regular  sequence  nf  running  the  Hoata  should  he  filled  in  belo 
the  two  parties  leave  the  ground. 

Startiog  the  float.  Each  fioat  should  be  put  into  the  water  frc 
the  bridge  AB  with  such  care  that  when  it  reaches  CD  it  w 
be  running  evenly  with  the  current,  with  its  axis  vertical  anil  wit 
out  bumping  on  the  bottom. 

Noting  the  path  of  the  float.  As  the  Soat  passes  under  t 
markers  of  the  upper  station  CI>,  the  starter  notes  its  distu 
from  the  left  side  of  the  flume  and  calls  out  this  distauce  tot 
recorder ;  and  again  as  it  passes  under  the  lower  transit  stati 
EF.  If  there  are  no  cross  currents,  the  Soat  should  maint 
nearly  the  same  relative  distance  from  the  left  side  of  the  flui 
If  the  tube  does  not  run  in  a  path  nearly  parallel  to  the  BJdej 
the  flume,  but  runs  wild,  this  particular  run  should  be  repeatec 
Time  of  a  run.  The  usual  method  of  timing  the  run  of  the  fl 
is  to  start  an  ordinary  stop  watch  set  at  zero  as  the  rod  pai 
under  the  upper  transit  at  CD  and  stop  the  watch  whei 
reaches  the  lower  transit  EF.  the  distance  between  being  trave 
by  the  observer,  who  walks  or  runs  as  the  case  may  requ 
The  time  required  for  the  run  of  the  float  is  noted  directly 
seconds. 

Elevatioa  of  water  surface.     The  elevation  of  the  water  in 

still  h'lx  sliould  be  read  at  least  once  during  every  run  of  the  il( 

Returning  the  floats.     The  floats  are  taken  out  of  the  Watei 

the  bridge  QH  and  carried  to  the  bridge  AB  for  further  u 

^^—    and  there  should  be  enough  floats  to  make   the   measureme 

^^^^L  continuous. 

^^^^p  Form  of  notes  for  record.  The  form  of  notes  shown  has  h 
H^^^  found  to  be  convenient  for  keeping  all  the  notes  necessary  fo 
F  Hume  measurement.     The  velocities  are  usually  given  in  feet 

H  second,  the  distance  from  the  left  side  in  feet  and  tenths,  and 

I  girnge  heights  in  feet,  tenths,  and  hundredths  above  the  bott« 

I  Tlie  notes  give  all  the  observations  for  two  simultaneous  meast 

■  ments  of  the  same  flow.     See  pages  245  and  246. 

I  Note  —  The  flume  was  of  trapezoiiial  section,  not  rectangular.     The  aer 

I  the  flume  gauge  coiucided  with  the  lowest  part  o£  the  bottom. 

k^ 
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2  (»H« 

noyi>K.\  WiiKKLsJ.     From  H.W  to  H.03  a.m.,  Mat  27.  l«Kt 

SBCOHD   PARTY 

1               ■ 

a 

* 

fi 

e 

]         ■         • 

»    n 

^  I 

iS 

Tm  or  TauMit  »i 

1 

Ul 

1 

1 
1 

■s 

1 

II 

1 

1 

ruHllMI 

■"=r 

Alth* 

;x 

."sr. 

«« 

^ll 

"«r 

.i» 

MIn.  8«. 

e™. 

Ft 

Fl. 

Ft. 

Vx. 

F. 

lb-. 

»  J 

23.2 

2.150 

ID 

3.07 

18.3 

17.5 

17.0 

s 

U^II 

Stop  WftU! 

lused 

21.8 

3.294 

18 

3.07 

18.1 

15.S 

16.85 

.11 

No.  14,232 

22.1 

2.282 

18 

3.07 

18.4 

15.0 

ia.7 

Jt 

27.3 

1.832 

18 

3,67 

18.0 

las 

1B.< 

Jj 

25.2 

1.994 

17 

4.0 

lfi.7 

1&.5 

18.1 

,« 

w 

23.7 

2.110 

Itt 

4,0 

10.0 

18.2 

1U.I 

jr 

r 

22. .'5 

2,222 

15 

4.25 

15.0 

14.3 

\KH 

!      » 

21.! 

L',;)70 

U 

3.00 

13,5 

13.5 

18.5 

:    .11 

22.2 

2.2M 

13 

6.00 

12.P 

13.0 

12.95 

20.7 

2.415 

12 

5.00 

ll.S 

12,0 

11.9 

l%\  .Ifi 

20.8 

2.401 

11 

a.oo 

10.7 

9.5 

10.1 

% .", 

Jtl.3 

2.591 

10 

5.00 

9.5 

7.5 

8.5 

Vv\ 

20.3 

2.48y 

10 

5,00 

10.0 

10.0 

10.0 

i!  >' 

20.i) 

2.392 

8 

Tj.DO 

8.7 

11.6 

Ul.l 

|i.l3 

10,7 

2.a94 

8 

5.00 

7.7 

6.0 

e.s.'i 

|;.>3 

18.5 

2.703 

7 

5,00 

0,8 

6.0 

6.4 

2;  .13 
11  ■'= 

17.7 

2.825 

0 

4.67 

6.2 

6.0 

6.1 

i5.a 

a.lBS 

5 

4.67 

5.5 

6.0 

fi.75 

.13 

17.7 

2.825 

4 

4.2.'i 

4.2 

5.5 

4.85 

.13 

20.2 

2.475 

% 

4.0 

3.0 

4.0 

3.5 

.12 

la.a 

2.004 

2 

3,67 

2.2 

3.0 

2.Q 

.12 

21.2 

2.3r^ 

1     .1.07 

1.1 

2.2 

l.G.-. 

.13 

10.3 

2.5B1 

0,5  ia,07 

0..'i 

3.0 

1.75 

.1' 

13.7 

2.674 

0.0+' 3,07 

0.0 

2.5 

1.55 

.1- 





23,1 

2.10.- 

0,0*  3.07 

0,8 

0.0 

0.7 

9 

06  J, 
an  5.1 

Length  uf  fluniu  =  50.0  feet. 


tsureineDt.  U.l'>  t«  0.47  a.m.       [  4t)i  Mt 


let  Meitsare merit, 
e.lO  to  S  0^  A.M. 


Kotl  float  meaaarement  (First  PttiLy). 
lod  float  ineaHurement  (Second  Party), 
Current  meter  nieasuremeDt. 


COUPDTATION    OP    1st    MBASUnKMBNT 

8.40  to  B.08  A.M. 
cities  from  the  diagram  for  each  foot  in  width;  in  feet  per 

n  depth  for  each  foot  in  widlli;  in  feet.     Saction  was  trapezoidal. 
lurgu  ill  cubic  feet  per  second, 
relion  {see  5  280). 
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^ 

■ 

(.OR0.F. 

o.™. 

(fl)  Kon  Fu>*m 

(C)  Cm-m  M 

™       , 

r          4 

e 

r          4            # 

r 

■^ 

2.213  X  3.857  = 

8.538 

2,110x3.850=     8.130 

2.005  X  3.858  = 

»-.a! 

2.303  X  i.na  = 

9.477 

2,448  X  4.114  =    10.071 

2.1.52  X  4.414  = 

eum 

2.408  X  4.374  = 

10.533 

2.692x4.373=    11.335 

2^58  X  4.373  = 

am 

2.945  X  4.633  = 

11-791 

2.700x4,632=    12.508 

2.572  X  4.632  = 

lUU 

2.705  X  4,892  = 

13.233 

2.7B6  X  4.801  =    13.675 

2,731  X  4.801  = 

13^57 

2.880  X  S.U-2  = 

14.723 

2.905  X  5,111  =    14.847 

2.840  X  5.111  = 

lUtA 

2.969 

2.930 

2.847 

^^■H 

2.888 

2,708 

2.744 

^^H 

2.827 

2590 

2.667 

^^H 

2.709    18.811 

2.441 

17,983 

2.575 

17.900 

^^ 

2.526          X 

2.410 

X 

2.44S 

X 

2.450      5.138  = 

06.651 

2.414 

5.137=    92.379 

2.327 

6.137  = 

91,935 

2.441 

2.400 

2.292 

a.363  X.  5.11.^  = 

12.082 

2.2.i7  X  5.212  =    11.5.1S 

2,270x6.112  = 

llJJOe* 

2.280  X  4.898  = 

11,069 

2.220  X  4.807  =    10.915 

2.219  X  4.897  = 

laMff 

2.278  X  4.843  = 

10.577 

2.228  x  4,612  -    10.342 

2.127  X  4.642  = 

0.87« 

2.281  X  4,388  = 

fl.921 

2.211  X  4.387=     9.700 

2.121  X  4.387  = 

0.30^ 

2.160  X  4.133  = 

8.886 

2.079  X  4.1.32  =      8.500 

2.074  X  4.132  = 

8.57* 

1.987  X  3.865  = 

7.880 

1.933  X  3,884  =      7.460 

1.976  X  3.864  = 

7.8SS 

223.159 

221.50:i 

216.M* 

K  = 

-3.733 

A-=  ^4.652 

Total  Q  = 

221,43 

Total  Q  =  216.85 

Total  Q  = 

216054 

The  three  other  measurements  (stated  in  tlie  sunie  order)  gtii 
the  following  disclmrges,  in  cubic  feet  per  second  : 
admeasurement:  A,  213.18  ;  S,  212.41  ;    G  215.92. 
admeasurement:  A.  211.86  ;  &  215.09  ;   C.  218.92. 
4th  measurement :  4,215.58;   S.  211.15  ;   C.  215.28. 


287.    Computations.     Every  run  of  the  float  requires  a 
eonipiit:iiioQ.     In  the  set  of  measurements  given,  the    coi 
length,   50   feet,   divided   by   the   number   of   seconds   gWeft' 
eolumn  3  gives  the  values  for  column  4.  the  velocities  of  the  flt 
for  each  run.     The  location  of  the  average  position  of  the  fl< 
in  the  flume  during  the  run  is  given  by  column  9.     The  de^*' 
of  water  during  each  run  is  given  by  column  11, 

Graphical  representation  of  the  velocities  of  the  floats.  If  't>l 
flume  were  exactly  an  even  number  of  feet  wide  and  rectang»I: 
in  cross  section,  and  if  the  floats  could  be  made  to  run  at  the  mi' 
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die  of  each  one-foot  space  and  parallel  to  the  sides  of  the  Qume 
tor  the  entire  distance,  and  if  the  water  surface  remained  UO' 
changed  throughout  a  gauging,  the  arithmetical  mean  of  the 
velocities  of  the  floats  would  represent  the  mean  vekicity  of  the 
water.  This  mean  velocity  multiplied  by  the  area  or  the  sum  of 
these  mean  velocities  multiplied  by  the  depth  would  equal  the 
total  quantity  of  water  in  cubic  feet  per  second  passing  the  flume. 
It  would  be,  however,  extremely  difficult  to  secure  just  these  con- 
•  Utions;  and  it  is  only  necessary  to  get  enough  observations  to 
bring  out  the  transverse  velocity  curve.  The  usual  practice  in 
working  up  the  measurements  is  to  plot  on  cross  section  paper 
observations  of  the  velocity  of  each  float  as  ordinates  against  the 
meau  distances  from  the  left  side  as  abscissas  (see  figure  97) ;  the 
sheet  representing,  except  for  the  depth,  all  the  details  of  the  meas- 
urement. Through  these  plotted  velocities  the  mean  or  balanced 
velocity  curves  may  be  drawn  for  the  two  complete  measure- 
ments ;  and,  if  necessary,  additional  characteristic  curves  for  each 
flame  taken  at  other  times  may  be  added  to  the  sheets  as  a  guide. 
From  the  balanced  lines  the  velocity  for  each  foot  may  be  read 
off;  the  sum  of  these,  including  a  proportional  amount  for  the 
Velocity  in  the  odd  distance  beyond  the  last  even  foot,  multiplied 
^y  tlie  arithmetical  mean  of  the  depths  of  the  water  during  the 
•"eaaureraent.  will  give  the  discharge  in  cubic  feet  per  second  very 
i^early.  There  are  two  conditions,  accumulation  of  water  during 
'Measurements  and  correction  for  depth  of  flotation,  which  require 
^  farther  consideration,  and  which  may  affect  more  or  less  the  , 
^*ial  comparative  discharge. 

S88.  Accumulation.  If  the  flow  through  the  flume  is  constant 
**td  the  water  is  being  drawn  out  below  as  fast  as  it  is  coming  in, 
^•»e  quantity  measured  may  represent  the  flow  in  cubic  feet  per 
^'^^'(■ond  for  the  entire  canal.  If,  however,  the  water  is  running 
'  *ito  a  basin  or  other  canal  which  is  rising  or  falling,  the  amount 
'^•Jlually  drawn  out  from  this  basin  may  differ  from  the  discharge 
^Virough  the  flume  by  the  amount  of  this  filling  or  drawing  down. 
T^here  are  a  great  many  cases  where  this  may  have  an  important 
•*earing  upon  the  use  of  water  bv  waterwheels  or  the  discharge 
'^i  a  giit«,  and  the  results  will  be  vitiated  if  the  effect  of  this 
'>v:uumulation  is  not  taken  into  account. 
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289.  COTTectiOD  formula.  A  flout  can  not  usually  be  run  wL 
its  lowor  end  nearer  tlie  bnttom  than  one  to  two  inches,  and  ina 
ofttMi  it  ia  not  so  near.  Since  tlie  velocity  of  the  rod  float  is  n 
intltnMiced  by  this  lower  and  generally  slower  layer  of  water, 
slight  correction  must  be  made  to  get  tlie  true  velocity.  Jan 
H.  Francis,  by  comparing  the  rod  floats  and  weir  measuremet* 
deduced  the  following  formula  for  correcting  rod  float  measu.: 
meuta. 

i7=l-.116(v'5-.l). 
0=  a  coeflicient  of  correction  which  multiplied  by  the  o 

served  velocity  will  give  the  corrected  velocity  ; 

2)  =  difference   between   the   depth  of   water  in  flume   no 

length  of  the  immersed  part  of  the  tube,  divided  b 

the  depth  of  water. 

The  values  of  the  coefficient   C  for  different  values  of  D  ar 

given  in   the   following  table,  abbreviated  from  the  Loivell  flj 

tiraulic  Experimenta :   an  inKpection  of   these  ^gures  shows  tha 

a  difference  of  .5  foot  between  the  length  of  the  tube  and  th 

depUi  of  the  water,  where  the  flume  is  10  feet  deep,  gives  a  coi 

rertion  of  only  15  piT  cent  from  the  observed  velocities.     Corrw 

tions  less  than  1  per  cent  are  certainly  closer  than  tbe  i 

of  the  float  measurements  will  warrant. 


TABLE  XXXIX 
Valcm  of  thb  Coefficient  [1  -  .\IZ{VD  -  .1)]. 


D 

• 

< 

)           « 

t 

« 

7 

B  ;  >< 

.ft 

1.000 

.MS 

993 

M& 

.flS« 

.983 

.9P1 

.979 

.9= 

I 

.PT.-i 

.9T.1 

.971 

.970 

.963 

.967 

.985 

.964 

.9h-2 

.9* 

,2 

.im 

.!*,iS 

.9S7 

.W^ 

.9i5 

.951 

.952 

.951 

.950 

M- 

■■' 

•MS 

Direct  interpolation  may  l>e  made  for  intermediate  values. 

390.  AltematlTe  method  of  compatatioit.  The  computation  n 
twtAngular  ohantiels  may  l>e  nn»de,  after  plotting,  by  using" 
planimett-r  to  determine  tiie  sum  of  the  mean  ordin«t«s,  or  vel<^ 
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ties,  for  each  independent  set  of  runs ;  and  the  mean  of  these  two 
determinations  divided  by  the  width  should  give  the  mean  veloc- 
ity. This  method  is  somewhat  easier  and  usually  is  sufficiently 
accurate. 

291.  The  plotting  and  computations  for  the  float  measurements, 
given  on  pages  245  and  246,  are  shown  in  figure  97  and  pages 
247  and  248.  In  addition  to  these  measurements,  others  were 
made  on  the  same  day ;  and  also  a  current  meter  measurement 
simultaneously  with  each  pair  of  float  measurements.  All  these 
other  measurements  are  also  shown.  The  two  series  especially 
mentioned  may  be  identified  on  the  drawing  by  their  periods  of 
time  of  measurement. 

392.  Application  of  rod  float  measurements.  The  sphere  of  use- 
fulness of  rod  float  measui*ements  is  somewhat  limited,  and  the 
expense  of  making  them  is  relatively  great.  Their  regular  use 
in  the  future  will  probably  be  limited  to  straight,  deep  canals  or 
flumes  where  a  high  degree  of  accuracy  is  required,  where  a  suffi- 
cient force  of  men  is  regularly  employed  for  this  and  other  pur- 
poses, and  where  it  is  very  necessary  to  gauge  all  the  water  used 
for  power  and  other  purposes,  without  interfering  with  the  opera- 
tion of  the  mills.  Ordinarily,  the  difficulty  of  getting  good  re- 
sults from  the  sum  of  individual  measurements,  or  readings  of 
^aterwheels,  is  due  to  the  fact  that  the  total  discharge,  which  is 
simply  the  sum  of  the  individual  waterwheels,  often  does  not  in- 
clude the  leakage  of  the  water  used  for  manufacturing  purposes 
^ther  than  power ;  but  the  flume  measurements  of  the  total  quan- 
^^ty  passing  to  each  mill  will  cover  everything.  There  is  very 
little  opportunity  to  make  such  measurements  in  rivers  or  canals 
^hich  do  not  have  a  regular  cross  section ;  and  for  such  condi- 
tions there  is  no  question  that  measurements  by  current  meter 
^1  take  the  place  of  those  formerly  made  by  rod  floats. 

The  most  notable  published  gaugings  by  rod  floats  are  those  by 
Humphreys  and  Abbott  of  the  Mississippi  River,  those  described  by 
'ames  B.  Francis  in  the  Lowell  Hydraulic  UxperimentSy  Darcy 
^ud  Bazin's  gaugings,  and  the  gaugings  of  certain  rivers  in  India. 

293.  Limits  of  accuracy.  With  a  straight,  smooth  flume  of 
S^t  depth,  and  velocities  ranging  froni  2  to  5  feet  per  second, 
quantitiea  of  water  from  a  few  hundred  to  4000  cubic  feet  per 
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second  have  been  repeatedly  measured  with  a  probable  error  of  1 
to  2  per  cent.  This  form  of  measurement,  which  in  its  succei 
steps  gives  the  product  o£  the  cross  BCction  and  the  velocity  of 
the  water  as  indicated  by  the  rod  floats,  is  a  perfectly  natural  one; 
and  its  simplicity  appeals  to  the  non-teclinical  man. 

ProblemB 

1.  A  stream  of  rectangular  section  ia  ^0  '"et  wide  and  vtrb  flowing  1U.5  feet 
deep  when  a  set  of  velocity  meiksurenients  v  i  made  by  rod  floats.  Tlio  veloc- 
itiea  Uiu8  deWrmined  in  sections  2.5  feet  •  !e  were ;  (in  feet  per  second)  1.0, 
l.I,  1.2,  1.3,  1.4,  1.3,  1.2,  l.I.  Find  the  >iu,charge  in  cubic  feet  per  euxad. 
The  average  depth  of  flotatiocj  of  the  rods  was  10.25  feet. 

2.  From  the  following  notes  of  a  measurement  of  discharge  made  with  rod 
floats  compute  the  di^harge  in  cubic  feet  per  second. 

The  measuriiig  flume  was  of  rectapgular  cross  section ;  the  mean  width 
41.2feeti  the  depth  of  water  in  the  ftume  was  6.4  feet;  depth  of  flotatio 
rods  was  S.O  feet. 


No. 

— 

No. 

IHSTANrE  FKOH 
[.ErT8lI>S0rFl.UHR 

Vbi,ohtt 

F«l 

K«>Li«r9^..u,„l 

FMt 

Ft«  [Tr  S«u*d 

1 

.75 

3.005 

12 

1B.90 

4.375 

2 

2.10 

.5.045 

13 

22.60 

4.762 

a 

4,10 

3.045 

14 

24.:20 

4.605 

i 

5.90 

3.685 

15 

26.70 

4.667 

5 

8.20 

4.000 

16 

28.98 

4.930 

6 

10.B0 

4.320 

17 

29.20 

5.WW 

7 

10.70 

4.1(18 

■18 

30.80 

5.070 

8 

13.85 

4.323 

Id 

32.42 

5.2.S9 

» 

14.10 

4.375 

20 

36.35 

5.G00 

10 

16.23 

4.243 

21 

37.15 

5.425 

11 

17.79 

4.489 

22 

38.40 

5.55S 

23 

41.00 

4.930 

3.   From  the  following  notes  of  a  duplicate  simultaneous  measurement  ^;::k( 

i.-icliarge  made  with  rod  floats  compute  the  diachai^.  Cross  section  of  ^^a^ 
[leasiiring  flume  was  rectangular,  mean  width  was  41.2  feet;  depth  of  wat^^-i- 
II  the  flume  was  8.2  feet;  depth  of  flotation  was  7.8  feet. 
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s«. 

L«rT  &n>KwrTtxM  u 

Vatocrrr 

So. 

DiSTAHCI  FBON 

L>[rTSn>ici)vPi.uH« 

Vblwitt 

,-t 

FHtlorSmnd 

F«l 

F«.(  i»r  i««cd 

A6 

3.334 

12 

17.75 

4.862 

.00 

3.101 

13 

20.30 

4.930 

^ 

3.0B8 

20.75 

4.805 

2.60 

3.888 

21.60 

4.705 

6.05 

8J>55 

25.25 

6.3(H) 

6.00 

4.02.5 

27.82 

G.300 

8.T5 

4.145 

20.90 

6.300 

11.05 

4.378 

10 

32.35 

5.931 

12.10 

4.205 

20 

35.00 

6.088 

14.65 

4.405 

21 

39.05 

5.690 

_!!_ 

16.40 

4.483 

22 

40.40 

5585 

Bo. 

DtnANCKTBOM 

Lbt  Bii>a4)rFi.oHs 

Vblocttt 

No. 

DiSTAjfcaraoM 
LutSidbot  Plumi 

VRLocmr 

p«t 

F«tl«rS«=nd 

F«l 

Fwl  iwt  Swond 

.70 

3.185 

16 

21,82 

5.000 

1.28 

8.070 

17 

22.55 

5.000 

2.20 

S.008 

18 

23.00 

5.073 

3.80 

3.645 

19 

23.85 

6.226 

5.85 

4.007 

20 

24.96 

5.229 

8.07 

4.268 

21 

26.50 

.1301 

10.00 

4.323 

22 

27.06 

5.469 

11.76 

4.321 

23 

29.11 

6.831 

15.74 

4.488 

24 

30.67 

5.832 

ID 

16.10 

4.665 

25 

33.80 

6.832 

19.20 

4.365 

26 

35.00 

6.833 

19.20 

4.664 

27 

35.56 

5.833 

!S 

19.25 

4.795 

28 

40.15 

5.487 

11 

19.45 

6.001 

20 

40.42 

4.930 

13 

20.28 

4.730 

CHAPTER  XIV 
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294.    The  current  meter.     If  n  sniiill  aorew,  like  a  propeller       """ 
like  11  wat«rwlieel  with  vaaes  or  buckets,  free  to  revolve  betwc^^" 
two  bearings,  is  held  in  the  path  of  moving  water,  it  will  acqiii-^^^^*  ■ 
an  angular  velocity  depending  upon  the  velocity  of  the  water  ^^ 
the  neighborhood  of  the  point  of  immersion.     Such  a  wlieel,  ^- 
titted  with  a  recording  apparatus  to  indicate  the  number  of  revC^^^-^^ 
lutions,  18  called  a  current  meter. 

295-  Varieties  of  current  meters.  There  are,  perhaps,  twent;^ — ' 
types  of  current  meters,  of  which  several,  illustrating  types  coia^*-^ 
niouly  used  in  the  United  States,  are  shown  in  figures  98.  99.  lOlC-^ 
101,  and  102.  Meters  may  be  roughly  classified  as  those  whicI"-= 
revolve  about  (a)  ii  vertical  axis,  or  (J)  a  horizontal  axis,  th,-*^ 
essential  differences  being  in  the  wheeU.  the  manner  of  holdin  -^ 
the  meters  in  the  water,  and  the  type  of  recording  device.  Metei^  - 
are  usually  designated  by  the  name  of  the  designer  or  maker.  Thrr^^ 
important  considerations  in  clioosing  a  meter  are  the  strength  » 
the  wheels  and  frame  to  resist  deformation,  the  absence  of  frictic^-' 
in  the  bearings,  and  the  certainty  that  the  number  of  revolutioc  ^c:: 
will  be  properly  recorded.  All  kinds  of  meters  attached  to  ro-^cm 
or  poles  can  be  used  in  streams  of  depths  less  than  about  12  fe^^^^s 
and  in  velocities  less  than  6  feet  per  second ;  but  for  greaW"  -*i 
depths  and  higher  velocities  extra  precautions  must  be  taken 
special  devices  used  for  controlling  the  meter. 

296.  Fteley-Stearns  meter.  The  Fteley-Stearns  meter,  sho"  — im 
in  figure  98,  is  similar  to  the  one  used  by  f'teley  and  Stearni^^sii 
the  Sudbury  River  experiments;  and  is  suited  to  velocities  L— ess 
than  6  feet  per  second  and  streams  fairly  free  of  floating  deb.Kris. 
It  is  of  the  screw  type  with  helicoidal  blades.  A  baud  encircL  ing 
the  blades  protects  them  from  distortion,  and  also  helps  to  mirai- 
»  the  turning  effort  due  to  eddy  currents  or  to  moving    ttM9 


CURRKNT  METER  MEASUREMENTS 


meter  vertically  up  and  down  when  taking  the  so-called  integrat- 
V»S  ixieasurements.  The  wheel  is  supported  iif  a  metal  frame  hy 
means  of  a  horizontal  axJe  which  is  suspended  by  two  bearings-' 


~»o.  98.  —  Ftaley.SManiB  Current 


^*t  into  the  frame.  This  frame  has  a  circular  guard  around  the 
^*'ieel  in  the  middle  of  and  at  right  anglea  to  the  frame  to  protect 
•■••e  meter  aa  far  as  possible  from  floating  substances  and  the  force 
*^f  the  current. 

This  met«r  as  built  may  be  held  eo  that  the  center  of  the  wheel 
^ill  be  within  3  inches  of  the  bottom  or  sides  of  the  stream  if  the 
'^'■^jua  section  is  at  all  regular. 

The  meter  is  coupled  to  a  brass  tube  in  one  piece  or  sections, 
^'"aduated  from  the  extreme  bottom  of  the  meter  in  feet  and 
^^•nllis,  in  order  to  provide  the  observer  with  a  gauge  to  show  the 
*  ^  plh  of  the  meter  below  the  point  of  immersion.  A  special  con- 
'■*""ivance  clamped  to  the  rod  will  indicate  the  direction  of  the  axis 

rter  when  submerged.     Where  the  depth  of  water  is  much  . 
3t  or  the  velocity  of  the  current  more  than  5  feet  a  sec- 
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ond,  the  meter  had  better  be  attached  by  means  of  a  coupliogtA 
a  piece  of  iron  ptpo>of  suitable  stiffness  and  length. 

The  horizontal  axis  of  the  meter  meshes  through  a  pair  of  gean 
into  another  shaft,  to  which  is  attached  a  toothed  counter  wheel 
gearing  into  two  others,  the  three  recording  successively  10, 100, 
and  1000  revolutions.     The  meter  may  also  be  fitted  with  tlie 
electric  recording  device  or  telephone  circuit  common  to  otbef 
meters,  which  enables  the  opemtor  to  count  the  revolutions  »€ 
the  wheel.     The  ordinary  method,  however,- of  determining  iti^ 
velocity  with  this  meter  is  to  observe  the  reading  of  the  wheels* 
before  and  after  the  gears  have  been  thrown  in  and  out  of  mesl^ 
by  means  of  a  ratchet  to  which  is  attaclied  a  stout  string. 

In  depths  more  than  12  feet  and  velocities  much  more  thau  •■ 
feet  a  second,  the  meter  is  not  easily  handled ;  and  special  cai — 
must  be  taken  to  hold  the  meter  rod  vertical  and  have  the  boixtf 
zontal  axis  of  the  wheel  parallel  with  the  current. 


297.    Improved  Fteley-Stearns  meter.      It  has  been  found  thi 
the  ordinary  type  of  Fteley-Stearns  meter  was  not  strong  enoug 
f^  to  operate  successfully  in  velocities  greats 
tlian  6  feet  a  second,  and  to  stand  eevei 
usage  in  a  great  many  streams  under  dil 
cult  conditions  of  measurement.     For  the  -; 
reasons  it  has  been  modified  and   furtli^^ 
strengthened  by  SafTord;  a  cut  of  the  i^H 
proved  meter  is  given  in  figure  99.     T^" 
wheel  is  heavier,  is  5  incites  in  diameter  ^^ 
stead  of  S^,  and  has  6  vanes  instead  of 


The    axle    is    mi^ 

heavier     where 

passes    through   — *J)e 

wlieel     and     ta{^^«r8 

down   to    two    c'^i^ue 

bearings  at  each  e  ■*><'• 

Wiiile      the     wl-»eel 

is   larger   ^nd 

Btiffer         »»d 

strong  enough 


Fio,  100.  —  Price  Curreut  M 
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to  withstand  velocities  as  high  as  13  feet  per  second,  it  revolves 
as  easily  at  the  low  velocities  as  any  other  type  of  meter.  The 
diagram,  figure  104,  showing  successive  i*atings  covering  four 
jears,  indicates  the  small  change  in  rating  during  this  time. 

2M.   The  Price  meter.     The  Price  meter,  shown  in  figure  100, 

consists  of  5  conical  buckets  fixed  to  a  vertical  axis  and  revolving 

ktween  two  bearings  supported  by  a  frame.     To  the  other  end 

of  the  frame  may  be  attached  a  rudder  which  helps  to  keep  the 

axis   of    the     meter 

parallel  to  the  cur- 
rent.  The  frame  and 

rudder   are    pivoted 

to  a  brass  rod  about 

2  feet  long,  the  upper 

end  terminating    in 

an  eye  to  which  is 

attached    a   wire   or 

other  cable   to  hold 

the  meter ;    to    the 

other  end  may  be  at- 

^hed  a  lead  weight, 

filso  fitted  with  a  rud- 
der, which  serves  to 
keep  the  meter  in 
position  and  the  axis 
Vertical.  In  shallow  water  the  meter  is  attached  to  a  graduated 
^fuss  rod  like  that  used  with  the  Fteley-Stearns  meter  and 
handled  without  the  rudder  and  lead  weight.  This  meter  is 
always  provided  with  some  sort  of  electric  indicator,  either  an 
^^tomatic  recording  device  or  a  telephone  buzzer.  The  former 
gives  simply  total  revolutions ;  the  latter  will  also  keep  an  ob- 
^rver  informed  whether  the  meter  is  working  properly ;  but 
either  may  be  used  independently. 

299.  The  Haskell  meter.  The  Haskell  meter,  shown  by  figure 
lOl,  is  of  the  screw  propeller  type.  It  is  operated  in  a  manner 
titular  to  the  Price  meter. 


Fio.  101.  —  Haskell  Carrent  Meter. 


900.  A  German  type  is  shown  in  figure  102. 


Tta.  102.  —  A  Oermau  Type  ol  CurrenI  Meter. 

301.    Comparison  of  meters.     Where  the  section  of  a  stream  or 
caiml  is  fairly  regular  and  the  current  positive,  any  good  meter, 
if  rated  correctly  and  properly  used,  will  give  satisfactory  results- 
Where  the  cross  section  at  the  place  selected  for  measurement  ii 
not   regular,   where   cross   currents  exist,   and   rocka  and  othe 
obstructions  in  the  bottom  are  unavoidable,  the  result  may  tx 
fair  it  the  meter  selected  for  use  is  not  affected  unduly  by  th< 
unfavorable  conditions.     The  Price  meter  usually  registers  mi 
revolutions  for  a  given   mean  velocity  than  the   Fteley-Steai 
type,  unless   the   conditions   are   particularly  good,   due  to  tVx 
fact  that  any  motion  of  the  water,  whether  positive  or  negativr^i 
may   be  recorded  as  positive   by    the    Price   meter  ;    while   tiVn 
Fteley-Stearns  meter  simply  records  the  algebraic  sum  of  all  tli* 
revolutions  in  one  direction.     The    Fteley-Stearns   meters   may 
actually  be  rated  to  run  backward.     Small  meters  have  an  skd- 
vantage  over  large  meters  in  that  they  can  be  set  closer  to  the 
bottom  and  sides  of  a  stream  ;  but  larger  meters  have  advantages 
where  only  a  few  readings  near  midstream  are  required. 

Measurements  made  by  holding  the  meter  with  a  rod,  whsn 
possible,  are  much  to  be  preferred  to  those  made  with  a  mfltei 
suspended  from  a  cable.  There  is  also  a  certain  advant^^  11 
the  observer  can  hear  the  number  of  revolutions  during  the 
measurement,  but  the  accuracy  of  the  measurements  does  not 
depend  so  much  upon  these  conditions  as  upon  the  regularity  of 
ibe  section  and  velocity,  and  the  care  with  which  all  unusual 
<)if1ioulti«s  are  overcome.  The  Fteley-Stearns  meter,  for  instance, 
can  not  be  taken  out  of  the  water  in  wiiiter  without  freezing  over, 
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■■''■  it  is  necessary  to  armiige  either  to  thaw  it  out,  or  to  use  lui 
'L  irio  recording  device.  The  Price  meter  ie  probably  used  more 
generally  in  the  United  States  than  any  other  type  nn  account  of 
its  successful  use  for  measuring  stream  flow  in  the  work  of  the 
L'ailed  States  Geological  Survey  ;  but  fur  measuring  in  water 
power  canals  the  Fteley-Stearna  type  is  to  be  preferred. 

302.   Necessity   of   calibratioa.       Current   meters   can   he   con- 
structed in  such  a  manner  that  the  revolutions  per  second  very 
Dijurly  correspond  to  velocities  in  feet  per  second,  which  is  some- 
times a  great  convenience  ;  also  experience  has  shown  that  dupli- 
csiioti  in  construction  often  assures  similarity  in   performance. 
Precise  duplication  is  not  feasible ;  and  the  exact  behavior  of  a 
lew  meter  can  not  be  predicteil  in  advance.     Use  or  abuse  will 
cause  variations  in  the  performance  of  the  best  meter,  and  tight- 
ening or  loosening  a  screw  will  greatly  change  the  rating.     Deli- 
t^cy  of  adjustment  in  the  meter  and  a  thorougii  knowledge  of  ita 
strong  and  weak  points  on  the  part  of  the  observer  are  indispen- 
8;iliie  to  continued  good  results.     Meters  must  ordinarily  not  only 
'>e  calibrated  or  rated  when  new  to  determine  the  relation  between 
Fwjlntions  and  velocities,  but  should  also  be  rerated  as  often  as 
;*iiv  accident  or  repairs  to  the  meter  make  it  necessary. 

303-  Methods  of  rating.  A  meter  may  be  rated  either  (a),  by 
■Ming  it  statiomiry  in  water  running  at  a  known  velocity,  or 
'  I  liy  moving  the  meter  at  a  known  velocity  through  perfectlj- 
',i!ict  water.  The  effect  of  the  wind,  if  there  is  any,  should  be 
fumdiKed  hy  moving  the  meter  in  opposite  directions  through 
■  '■>•;  Wiiler- 

^304.  Rating  in  moving  water.  To  hold  the  meter  in  its  proper 
fording  position  in  running  water  would  seem  to  be  the  simplest 
i  most  natural  method  of  rating,  but  variations  in  the  velocities 
different  points  in  the  cross  section  of  a  stream,  however,  make 
wis  method  usually  impracticable.  A  meter  might  be  rated  by 
Iwlding  it  in  a  stream  just  below  the  surface  and  finding  the 
Telocity  of  flow  by  floats  submerged  to  the  same  depth  as  the 
wheel.  This  and  similar  methods  are  liable  to  the  inaccuracies 
ud  disadvantages  inevitable  in  float  measurements,  as  well  as  to 
tl)e  difficulty  in  flnding  in  any  one  section  and  under  similiii-  con- 
ditiuiu  a  range  of  velocities  wide  enough  for  conditions  actually 
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needed  in  the  use  of  the  meter.  Such  a  ratiug  would  natura 
give  to  the  meter  all  the  error  of  the  Boat  velocities.  A  compi 
Bon  of  the  mean  velocity  iu  u  vertical  stream  sectiou  a  few  i 
wide  determined  by  rod  floats,  with  the  mean  velocity  determic 
at  the  same  time  by  integrating  the  current  meter  through  tl 
Bection,  is  a  good  clieck  upon  the  accuracy  of  the  rating  ;  but 
itself  it  is  not  a  good  way  to  rate  a  meter. 

A  Pitot  tube  is  probably  the  best  device  for  rating  a  meter 
ruQutug  water. 

305.  Rating  in  still  water.  A  meter  may  be  rated  in  still  wal 
(a)  by  propelling  tlie  meter  at  uniform  rates  of  speed  over  A  straig 
measured  course,  or  (6)  by  moving  tlie  meter  in  a  circular  pa 
attached  to  a  rotating  arm  of  known  length,  which  can  be  mov 


Currail  Meter  Rating  Stktioo- 

at  a  uniform  rate  of  angular  velocity.     The  straight  conn 
more  common  ;  but  excellent  results  have  been  gotten  at  a  ciro 
lar  rating  station  at  Worcester,  Mass. 

The  meter  may  be  fastened  by  a  wooden  beam  to  the  bow  of 
rowboat.  which  can  be  rowed  at  a  uniform  rate,  and  kept  in  li 
by  ranges  on  the  shore  ;  and  the  time  of  the  run  noted  by  obsei 
ers  sighting  across  ranges  or  through  engineers'  transits  at  1 
ends  of  the  course.      This  ia  a  field  method,  however,  perhi 
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good  to  cover  velocities  from  one  half  to  six  feet  per  second.  A 
small  power  boat  is  even  better  than  a  rowboat,  as  it  can  be  run 
al  a  more  uniform  speed,  and  give  a  wider  range  of  velocities.  A 
more  satisfactory  method  is  to  have  the  rating  course  along  the 
edge  of  a  still  body  of  water,  and  attach  the  meter  to  a  small  car 
propelled  by  hand,  or  by  an  electric  motor,  on  a  straight  level 
tracL  The  meter  should  be  submerged  from  one  to  three  feet ; 
and  if  there  is  the  slightest  chance  of  any  surface  currents,  runs 
and  observations  should  be  made  in  both  directions.  fSjgure  103 
shows  the  arrangement  for  propelling  the  meter  at  one  of  the 
United  States  Geological  Survey  current  meter  rating  stations. 
Any  suitable  form  of  carriage  may  be  used.  The  general  method 
of  the  rating  from  a  straight,  level  track  gives  better  results  than 
any  other  kind  of  rating. 

306.  Notes  of  a  current  meter  rating.  The  following  is  the 
record  of  a  rating  of  a  Fteley-Stearns  meter  fastened  to  a  car 
moved  by  hand  on  a  straight,  level  track  in  one  of  the  locks  at 
Lowell,  Mass. ;  meter  held  two  feet  below  the  surface  of  the  water. 
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307.  Ratiag  curves.  Tlie  figures  in  cnliimiis  8  and  9  flte  plff 
oa  cioas  seetiiin  [.aiKT  to  a  natural  scale;  the  revolutions  ot 
metfir   per  secoml  iis  ordinates  and  tht-  velocitj-  of  the  ciu 


Fteiej-Steam 


abscissas.      Through  these  obaervatiouu,  a   mean   line  is  di 
which  will  serve  as  a  rating  curve  for  the  meter,  as  long 
meter  is  in  the  same  mechanical  condition  as  it  was  at  the  tin 
rating.     See  figure  104. 

Ratings  for  low  velocItieB.  Owing  to  frictional  resistat 
meters  will  not  begin  to  revolve  until  the  water  has  a  suffij 
minimum  velocity,  which  will  vary  with  the  type  of  meter, 
also,  from  day  to  day,  with  the  same  meter.  The  necessary 
mum  velocity  to  start  the  wheel  is  from  .2  to  .5  of  a  foot 
second,  varying  with  the  type.  With  velocities  under  less 
..')  of  a  fnot  per  second,  many  current  meters  can  not  be  used 
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lonSdence,  unless  the  niimbei-  of  such  low  velocities  in  the  cross 
Ktion  to  be  gauged  is  small,  or  the  meter  designed  and  rated 

particularly  for  low  velocities. 

Form  of  rating  curves.  The  rating  curves  for  most 
[iDeicn)  ar«  very  nearly  straight  exeoptiag  for  the  low  and  very 
liigii  velocities.  Some  ratings  start  with  a  curve  and  not  with 
■  straight  line.  In  any  case  the  two  ends  of  the  line,  that  is, 
'or  the  very  slow  and  the  vt-ry  swift  velocities,  are  always  open 
tu  suspicion,  and  should  not  be  used  with  the  same  confidence  as 
for  moderate  velocities. 

309.  Current  meter  statlons^ — location.  A  current  meter  station, 
"'Iiich  me^us  a  jiliice  for  measuring  flow,  should  be  located  to  fulfill 
i^  uearly  as  possible  the  following  conditions  :  the  channel  should 
'"J  straight  for  at  least  lUO  feet ;  the  lied  of  the  stream  should  not 
■'-■  subject  to  scour;  the  cross  section  should  be  uniform  and  free 
iri.>m  obstructions  and  projections  such  as  bowlders,  bridge  piers, 
lirift,  or  growths.  The  flow  of  the  stream  at  the  place  of  meas- 
urement should  not  be  directly  affected  by  rapids,  the  discharge 
from  other  streams,  disturbances  caused  by  gates,  spillways, 
water  or  back  water  from  dams,  ponds,  or  other  streams, 

310.  Equipment  of  stations.  Tlie  station  equipment  for  cur- 
rent meter  giiuginga  consists  of  (1)  a  place  from  which  to  oper- 
ate the  meter,  which  may  be  a  bridge  or  cable  and  car,  or  a  boat 
gujed  to  a  cable ;  (2)  some  reference  line  to  locate  soundings  and 
ineiisurements,  which  may  be  a  tag  line  stretched  across  the 
stream,  or  a  base  line  measured  on  tliB  bridge;  (3)  a  gauge  or 
gauges  for  reading  the  elevations  of  the  water  surface  either 
sbove  the  bottom  of  the  stream  or  some  known  datum ;  (4)  per- 
iiaiieiit  bench  marks  fur  obtaining  elevations  and  reference  points 
'or  location  ;  and  (5)  in  swift  water,  stsiy  lines  to  keep  the  meter 
"iimtion. 

311.  Bridge  stations.  Where  the  channel  is  suitable,  a  bridge, 
*lrBaity  built,  having  but  few  piers,  and  those  not  greatly  disturb- 
'ng  the  flow,  and  a  floor  convenient  to  the  water  surface,  is  the 
^•9*1  place  from  which  to  make  measurements  on  account  of  the 
W  cost  of  preparation,  accessibility,  and  the  ease  and  rapidity 
"f  making  measurements.     Where,  however,  the  bridges  are  high 
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above  the  water,  have  many  piera,  and  where  the  corrent  is  Bwi.ft( 
measurementa  are  likely  to  be  uasatisfBotory. 

312.  CaUe  stations.    Where  do  other  method  is  posnble  and 
the  span  not  over  500  feet,  a  car  snspended  and  ruoning  on.  a 


Fio.  109.— Cable  StetioD  for  CiiTiaatMBtarUaMDTBmaiti. 

cable  stretched  across  the  stream  may  be  need  to  carry  the  ob- 
server.    See  figure  105. 

313.  Boat  stations.  At  stations  where  no  bridge  is  STailable 
or  the  span  too  great  for  a  cable,  or  the  water  is  too  deep  for 
wading,  the  meter  may  be  fastened  to  an  arm  extendii^  from  tits 


--^:^^= 


Flo.  106.  — Current  MeMrattacbed  to  a  Boat  for  Rating,  ( 


MAUaremeDt. 

from  the 


bow  of  a  boat.     The  boat  should  be  held  by  stay  li 
bow  to  a  fastening  on  each  shore.     See  figure  106. 

314.  Wading  stations.  In  water  up  to  about  two  and  one  half 
feet  in  (leptli,  where  the  velocity  is  not  too  swift,  satisfactory 
measurements   may   be   made   by   an   observer   standing   in   the 
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stream  and  holding  the  meter  upstream  and  to  one  side  of  his 
person.  This  method  often  is  the  only  one  by  which  gangings 
can  be  made  during  the  Tery  low  stages  of  a  stream ;  and  even 
then  it  may  be  necessary  to  make  the  gauging  at  other  than  the 
usual  station. 

315.  Ganges.     Ganges  for  obserring  the  elevation  of  the  water 
surface  may  be  vertical  or  inclined  boards  with  black  graduations 
painted  on  a  white  background,  or  one  of  the  many  forms  of  d^kai 
or  chain  gauges.     If  they  are  to  become  permanent  gauges  for 
any  station,  they  should  be  placed  so  as  to  cover  all  stages  from 
the  highest  to  the  lowest  and  be  protected  as  far  as  possible  from 
ice  and  drift ;  and  in  northern  climates  they  may  often  to  advan- 
tage be  placed  opposite  the  mouths  of  small  streams,  where  the 
current  is  sufficient  to  keep  open  water  during  the  winter. 

316.  Discharge  measnrements.  The  discharge  in  cubic  feet  per 
second  is  the  product  of  two  factors,  —  the  cross-sectional  area  of 
the  stream  in  square  feet  and  the  mean  velocity  of  flow  in  feet 
per  second.  The  velocity  is  determined  from  current  meter 
observations  properly  corrected,  the  cross-sectional  area  from 
floondings  or  elevations  of  the  bottom  at  suitable  intervals,  either 

i     equal  or  of  sufficient  number  to  show  all  marked  changes  in  the 
profile  of  the  bottom. 

317.  Soundings.     The  profile  of  the  bed  of  the  stream  at  the 
gauging  station  should  be  made  by  sounding,  or  obtaining  the  ele- 
vation of  the  bottom,  at  intervals  of  1,  2,  4,  5,  10,  15,  or  20  feet, 
depending  upon  the  width  of  the  stream,  local  conditions,  and  the 
degree  of  precision  required.     Distances  or  intervals  should  be 
measured  from  some  permanent  initial  point  located  on  the  shore, 
if  possible  beyond  the  reach  of  the  highest  stage  of  the  stream. 
The  profile  should  include  the  bed  and  banks  of  the  stream  up  to 
the  elevation  of  greatest  discharge.     Soundings  or  elevations  may 
be  made  from  a  bridge,  a  car  on  a  cable,  a  boat,  or  by  wading. 
Sonndings  up  to  10  or  15  feet  may  be  made  with  a  graduated  rod ; 
for  great  depths  with  a  sounding  lead,  which  is  a  suitable  weight 
attached  to  a  rope,  a  steel  tape,  or  graduated  cable.    Measurements 
must,  of  course,  be  vertical ;  and  suitable  precautions  should  be 
taken  to  prevent  the  lead  or  rod  burying  itself  in  soft  bottoms. 
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318.  Determiniag  the  cross  sectioas.  The  distances  acre 
sli-eum  siioulil  be  ploliod  as  abscissas  and  the  depths  as  ordi 
on  cross  seutiuii  paper  to  an  open  natural  scale;  and  on 
horizontal  line  should  he  drawn  to  represent  the  water  surf 
the  time  at  which  gaugings  were  made.     From  this  scale  An 
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required  areas  for  .any  stage  of  the  water  surface  or  any  p 
of  the  cross  section  may  be  obtained,  either  by  dividing  the 
into  portions  and  computing  or  by  plauimeler.     See  figure  '. 

319.  Determinatioa  of  velocity;  The  velocity  is  determii 
placing  the  meter  again.st  the  flow  with  its  axis  exactly  v 
or  horizontal  according  to  its  type.  The  number  of  revol 
of  the  meter  in  an  interval  of  time  is  obtained  by  getting  tl 
fereuce  between  the  readings  of  the  register  dials  at  the 
iiing  and  end  of  the  measurement,  or  by  counting  the  nun: 
revolutions  of  the  wheel  in  a  fixed  interval  of  time.  The  n 
volutions  of  the  wheel  per  second  being  known,  the  vi 
is  found  by  comparison  with  the  rating  curve.  Velocitie 
determined  are  only  for  that  part  of  the  stream  where  the 
is  held,  or  through  which  it  is  moved ;  and  a  precise  dete 
tion  of  the  mean  velocity  of  the  stream  requires  either 
many  independent  readings  at  different  places  in  the  cro 
tiou,  called  the  point  method;  or  a  determination  of  the  a 
of  revolntions  of  the  wheel  while  passing  at  a  uniform  i 
speed  through  the  required  area.  This  latter  method,  call 
intrgrating  mfthod.  may  be  applied  to  a  part  or  t 
orosa  section. 


r  the  whtdH 
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320-   The  multiple  point  method-     Tlie  multiple  point  method   , 
coiisii^its  of  Diitny  unci  ,sin;ccssive,  but   independent,  observations 
continuing  a  fixed  number  of  seconds,  perhaps  from  25  to  50  (de- 
pending U[>OD  the  velocity),  at  different  points  in  the  cross  sec- 
tion.    I-'or  convenience  in  computation  the  points  should  be  bo 
spaced  in  the  whole  section  or  a  portion  of  it  that  the  arithmeti- 
cal mean  of  all   the  measured  velocities  may  be   taken  as  the 
approximate  mean  velocity  of  flow.     The  nuniberof  observations 
of  velocity  will  dejiend  upon  the  size  of  the  stream,  the  velocity 
of  the  current,  the  precision  required,  the  necessity  of  making  a   I 
complete  traverse  without  appreciable  fluctuations  in  the  elevation 
of  the  water  surface,  and  the  amount  or  interest  at  stake.     No   I 
specific  rules  can  be  given,  but  a  few  preliminary  observations  of 
the  velocities  will  often  answer  most  of  these  questions  in  advance. 
The  gauge  for  reading  the  elevation  of  the  water  should  be 
observed  at  frequent  intervals  and  should  be  studied  in  advance 
to  (is  the  period   to   be  covered  by  each  gauging.     Periods  of 
rapid  ductuations  of  the  water  surface  are  not  favorable  to  good 
t^sults;  but  if  the  measurements  must  be  made  at  such  a  time,   | 
Hie  points  should  be  less  numerous.     A  complete  traverse  of  rela-   , 
tively  few  points  is  sometimes  to  be  preferred  to  a  more  detailed 
traverse  covering  a  longer  time;  and  a  repetition  of  the  measure- 
oients  is  more  valuable  than  a  single  long  one.     During  a  i-apid   , 
change  in  the  elevation  of  the  water  surface  there  may  be  a  still 
Sr«aler  change  in  the  velo6ities  at  different  points  in  the  cross 
Section. 

In  irregular  cross  sections  to  secure  good  results  it  is  usually 
"ecessary  to  treat  vertical  sections  of  equal  width  as  separate 
flumes,  taking  readings  on  the  vertical  center  line  at  points  ver- 
'■ically  equidistant.  The  arithmetical  mean  of  all  the  velocity 
determinations  multiplied  by  the  area  of  the  section  equals  the 
'iischavge  through  that  section.  The  sura  of  the  discharges  in  all 
'lie  vertical  sections  equals  the  discharge  of  the  stream. 

Form  of  Notes. 

"^^MK    Station     Depth     Oados     Kradcno        Bbvr.  or    Rets,  pbb     TELocrrr    • 
or  MBTEa         METg«         Sef^tiwp      or  Wat«b    i 

Comptttatioa  of  discharge.  The  velocities  should  be  plotted 
on  the  cross  section  drawing.     See  figure  107.     If  the  points  are 


I 
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so  spaced  as  to  give  equal  weight  to  each  (usually  possible  arm-Iy 
in  regular  sections),  the  arithmetical  mean  of  the  velocities  xa 
feet  per  second  multiplied  by  the  area  of  the  section  in  squaxv 
feet  equals  the  discharge  in  cubic  feet  per  second.  Or  equal  velocity 
curves  may  be  drawn  as  contours  from  which  the  dischai^e  mf*J 
be  determined  by  using  a  planimeter  to  determine  the  area  of  eac^^ 
equal  velocity  contour  and  by  computing  the  result  by  the  ave-  *' 
age  end  area  or  prismoidal  formula  as  if  it  were  a  volume  of  * 
solid.  This  is  an  easy  and  instructive  method  for  students,  ^^* 
one  of  the  very  best  methods  of  computing  a  point  measurement^ 
and  serves  admirably  as  a  basis  for  the  study  of  variations  in  ih.-^ 
velocity  of  a  given  cross  section. 

321.  Approximate  point  methods.  The  .2  and  .6  method.  Th'^^ 
United  States  Geological  Survey  in  its  hydrographie  work  tre^^ 
quently  measures  the  velocity  at  .2  and  ,8  of  the  depth  of  an^ -* 
section  bounded  by  vertical  lines,  and  uses  the  mean  of  the  tw~^ 
velocities  us  the  mean  velocity  of  the  section  without  furthe^^ 
correction. 

Single  point  methods.  In  the  single  point  method  the  meter  c= 
held  at  .6  of  the  depth  of  the  section,  which  is  said  to  be  aboir^— 
the  depth  of  mean  velocity ;  or  at  some  point  for  which  the  coeSrz^ 
cient  of  mean  velocity  has  been  determined,  commonly  at  1  ioanzf 
below  the  surface,  using  then  a  coefficient  of  .90. 

Double  and  single  point  readings  are  but  rough  approximation  ^^ 
but  serve  a  useful  purpose  in  securing  information  of  stream  flo^^i^ 
at  low  cost. 

It  is  clear  from  experiences  that  these  approximate  methods  ar*^ 
not  applicable  to  water  power  channels  either  above  or  belo'*'*'^ 
gates,  or  below  water  wheels,  or  wherever  the  relation  of  tl»^^ 
velocities  depends  not  only  upon  the  friction  of  the  bottom  an<U 
the  aides,  but  also  upon  the  location  and  construction  of  the  opeii- "" 
ings  at  which  the  water  is  admitted  or  drawn  from  the  channel. 

323.  Integrati&g  in  one  operation.  The  average  velocity  may 
be  gotten  by  lowering  and  raising  the  meter  at  a  uniform  rate 
from  the  top  to  the  bottom  and  back  again,  the  operator  also* 
carrying  the  meter  at  a  uniform  rate  from  one  side  of  the  streaEft 
to  the  other..  If  skillfully  and  accurately  done,  this  operationj 
will  give  the  arithmetical  mean  velocity  by  mechanical  or  manu»L< 
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int^fratioD.  Its  use  is  limited,  by  the  endurance  of  the  operator, 
to  small  streams  which  can  be  traversed  in  about  10  minutes  or 
less ;  but  in  many  cases  is  the  most  satisfactory  form  of  measurement 
for  sach  streams,  because  it  permits  of  a  great  many  measurements 
under  different  conditions  and  avoids  many  disturbing  conditions. 

323.  Integrating  in  sections.     If  the  stream  cross  section   is 

divided  by  verticals  into  areas  of  equal  width,  through  the  center 

line  of  which  the  meter  is  lowered  and  raised  at  uniform  speed, 

^le  mean   velocity  in  feet  per  second  for  each  section  may  be 

S^otten  in  one  observation.     This  method  is  on  the  whole  to  be 

preferred  for  determinations  of  discharge.     It  requires  less  time 

xn  the  field  and  office  than  a  complete  traverse  by  the  multiple 

f>oint  method,    and  produces  as   good   results,    if    not   better. 

^^hile  it  takes  more  time  than  the  one  operation   integration 

lethod,  less  endurance  is  required  on  the  part  of  the  operator, 

^nd  the  chances  for  error  are  reduced.      In  flumes  where   rod 

oats  are  usable  it  furnishes  the  best  possible  check  on  the  run- 

ing  of  floats,  because  the  meter  can  be  integrated  vertically 

"^lirough  the  section  covered  by  the  float.     The  results  can  be 

computed    arithmetically,   or    partly  graphically  by    a    method 

milar  to  that  used  with  rod  floats.     Pages  247  and  248  show 

le  results  of  four  sets  of  measurements  with  rod  floats  and  also 

^^moltaneous  measurements  with  a  current  meter. 

324.  Corrections.     In  every  stream  and  in  every  stage  of  any 
^ream  the  velocities  at  different  parts  vary.     Velocities  in  open 

I^annels  are  usually  lower  at  the  sides  and  bottom  than   else- 

here.     As  the  meter  can  never  be  placed  nearer  than  2  to  3 

^^•^ches  from  the  perimeter-  of  the  flume,  oftener  not  so  near,  it 

■^^i^Uows  that  the  neglect  of  this  considerable  area  of  relatively 

^c^w  velocity  may  give  excessive  discharge.     The  correction  for 

'W  velocities  on  the  sides  may  usually  be  obtained  by  continuing 

velocity  curve  beyond  actual   readings  to  the   sides.     In  a 

^xinilar  manner  a  few  plotted  point  readings  in  verticals  will  give 

^    cnrve  for  the  velocity  in  a  vertical  section,  which  if  continued 

i      "^^^  the  bottom  will  give  some  reasonable  value  for  the  bottom 

I      "v^elodty.    If  the  channel  is  more  than  5  feet  deep,  the  correction 

\     ^osed  for  rod  floats  may  be  used  (Table  XXXIX). 
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325.  Limits  of  accuracy  obtainable  vith  current  meters.     WiUk 

equal  skill  and  accuracy  tlie  prBcisLoii  obtaiiit<ii  by  multiple  point 
or  integrating  ineaaurements  will  vary  with  the  conditiona  at  the 
]j lace  of  measurement  and  the  methods  used;  for  well-lined  rect- 
angular chaimela  and  with  velocities  of  1  to  5  feet  per  second  errors 
of  more  than  3  per  cent  are  uuneceusary,  but  somewhat  higlier 
precision  may  often  be  obtained.  For  wide  or  deep  rivers  witVi 
very  low  or  very  high  velocities  errors  of  5  per  cent  to  10  f>^T 
cent  may  be  unavoidable.  In  rough  raceways  with  many  e<l«i  j 
currents,  errors  of  10  per  cent  or  more  are  not  unusual. 

The  .6,  or  the  ,3  and  3,  methods  may  be  seriously  in  error,  ar»«l 
their  degree  of  precision  can  not  be  well  defined. 

326.  Application.  Current  meters  may  be  used  in  any  of>^ii 
streams  or  channels  which  have  a  width  and  depth  sufBclent 
to  submerge  the  meter;  and  from  this  up  to  depths  of  30  fee;t, 
iind  widths  of  perhaps  1000.  Current  meter  measurements  are 
used  more  than  any  other  method  for  rivers  or  other  ojJ^n  i 
channels  with  steadily  increasing  use;  and,  except  in  cases  whe"""^ 
weirs  or  flumes  are  already  in  place,  this  is  the  cheapest  ami  loost 
satisfactory  available  method  for  measuring  stream  How. 


1.  The  rating  curve'  ot  a  Fteley-Stearns  curreDt  meter  gives  the  equatio*^  ' 
F  =  0.8  fl  +  0.12  foot,  where  V  ia  velocity  of  water,  R  U  revolutions  per  eeco*"*^ 
of  meter.  By  integrating  in  vertical  MctiouB  the  carrent  meter  ahowed  '*'  ^ 
revolutions  tabulated.  Find  the  velocity  and  dischaige  in  each  section,  ^^*° 
the  total  discharge  in  cubic  feet  per  second.    Arrange  results  in  tabular  fo*^***' 


(a)   Mkan  Width  of  (Kb( 

Depth  or  Watkr  i 


.r)  Meabi 
■HE  Flumi 


Ulna  Flukk,  6.8 
3.5  Feet 


DtSTASCB    rROJi 

LErr  SiDK  or  Flume 

KEVOLnTIONB    PEU    SECOND 

.5 

3.57 

6 
3.67 

3.84 

1.5 

3.50 

3.70 

3.90 

2.5 

3.83 

3.70 

3.90 

3.5 

3.70 

3.79 

3.90 

4.5 

3.75 

3.95 

8.92 

5.5 

3.f!!l 

am 

3.69 

0.35 

•J.SA 

3.40 

3.00 

CURRENT  METER  MEASUREMENTS 


271 


}    Mean  Width  of  (Rect angular)  Measuring  Flume,  6.8  Feet. 
Defth  of  Water  in  the  Flume,  3.6  Feet 


tXAHCB  FROM 

Side  of  Flumb 
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FLOW  or  WATEOt  IN   CHANNELS 


Flow  is  Pipes  under  Phessure 

327.  The  determination  of  the  volume  of  Sow  in  ei 
chatiDele  may  be  made  by  any  suitable  method  uf  measure 
but  the  predetermination  of  the  probable  volume  of  fl 
channels  which  are  to  be  constructed  must  be  based  iipoi 
knowledge  of  the  laws  of  flow  as  has  been  derived  fron 
vious  experiments  upon  channels  of  similar  material,  forii 
dimensions. 

Problems  concerning  the  flow  in  channels  are  complicat 
many  influencing  factors  of  which  the  precise  effects  ar 
quently  not  predictable.  As  formulas  used  in  calculatin 
charge  depend  upon  coefficients  based  upon  published  experi: 
of  which  there  are  many,  accuracy  from  the  use  of  such  for 
therefore,  depends  upon  the  selection  of  suitable  coefficiei 
comparing  the  known  or  assumed  conditions  of  any  problen 
the  supposedly  similar  conditions  under  which  the  flow  was 
ured  in  determining  the  coefficients.  Such  comparisons  n: 
in  error  because  of  the  difficulties  in  duplicating  the  interic 
faces  of  new  channels,  in  predicting  the  effects  of  wear  and 
old  channels  and  because  of  uncertainties  either  in  original  ii 
gations  on  which  coefficients  are  based,  or  of  errors  in  interp 
data.  The  effects  of  beniLs,  of  changes  in  cross- sectional 
iind  of  obstructions  are  known  only  from  a  limited  num 
experiments.  Moreover,  in  a  majority  of  cases  in  desi 
channels,  not  only  is  the  actual  volume  of  flow  which  the  cl 
must  deliver  subject  to  temporary  fluctuations,  but  the  cone 
of  use  may  be  entirely  changed. 

328.  The  volume  of  flow,  (he  discharge.  The  volume  ol 
commonly  called  the  discharge,  is  the  quantity  of  water  p 
through  any  stream  cross  section  in  a  unit  of  time,  usu 
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deoncL  The  discharge  ((^)  equals  the  cross  section  area  (Jl)  of 
be  stream  multiplied  by  Hie  mean  velocity  of  flow  (  F).     That  is, 

Q^AK 

[Tuless  otherwise  stated,  the  area  A  will  be  assumed  to  be  in 
tq^oare  feet,  and  the  mean  velocity  V  in  feet  per  second ;  hence, 
Q  will  be  in  cubic  feet  per  second. 

In  addition  to  the  area  and  velocity,  two  other  factors  which 
d^epend  upon  the  dimensions  are  commonly  used  in  formulas  for 
stream  flow,  i.e.  the  wetted  perimeter  and  mean  hydraulic  radius. 

Sn.  The  wetted  perimeter  (w^pO  ^^  ^^^  linear  dimension  of 
that  part  of  the  boundary  line  of  the  cross  section  of  a  channel 
wlueh  is  in  contact  with  the  water. 

no.  The  mean  hydraulic  radiua  (R)  may  be  found  by  dividing 
the  orosBHseotional  area  (A)  of  a  stream  by  its  Wetted  perimeter 

Jbompbt.  (a)  Compute  the  mean  hydraulic  radius  of  a  stream 
in  a  rectangular  oanal  60  feet  wide  if  the  water  is  10  feet  deep. 

A  »■  60  X 10  «■  500  square  feet. 
w*p.  »■  10  +  60  + 10  »  70  feet. 

jj«^«:  7.14  feet. 
70 

(i)  Compute  the  mean  hydraulic  radius  of : 

(1)  A  stream  flowing  in  a  circular  pipe  entirely  full ; 

4  ^  w.p.      irD      4 

(8)  K  stream  flowing  in  a  circular  pipe  half  full ; 

.      irl^  irD      ^       A  8        2> 

8-^2  w.p,      irD      4 

2 

111*  For  streams  in  circular  channels  flowing  at  any  depth,  the 
^^  wetted  perimeters,  and  the  mean  hydraulic  radii  may  be 
^n  from  Table  LXV  in  Appendix,  which  is  based  on  a  diameter 
of  1,  and  may  be  readily  converted  to  any  other  diameter. 
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332.  Steady  flow.  It  the  discharge  is  constant  for  anoefflmr' 
equal  intervals  of  time,  the  flow  is  said  to  be  steady.  Computa. 
tiotis  of  discharge,  unless  otherwise  specified,  are  based  on  an  actua 
or  assumed  steady  flow. 

333-  Unifonn  flow.  For  successive  stream  sections  in  whic 
the  discliarge  is  steady  and  the  veloeity  ia  constant,  the  flow  i 
said  lobe  uniform. 

334.  Open  and  closed  channels.  Channels  for  conveying  wata 
inuy  bo  cliissilied  as  (1)  closed  cliannels  ;  or  (2)  open  channels. 

(1)  Closed  channels  or  ciiaiinels  under  pressure  are  those 
which  the  flowing  water  has  no  continuous  free  surface,  and 
which  the  intensity  of  pressure  at  every  point  in  the  stream 
in  excess  of  that  due  to  the  depth  of  water;  that  is,  the  flowLi 
water  entirely  fUla  the  channel  and  exerts  an  upward  pressure 
the  entire  top  cover.  Such  channels  may  be  of  any  cross-sectioc 
form,  but  are  usually  circular. 

Supply  and  distribution  pipes  in  water  supply  systems,  patn 
ing  mains,  hot-water  heating  pii)es,  penstocks,  draft  tubes  of  tu 
bines,  and  fire  hose  are  common  examples  of  closed  channels. 

(->  Open  channels  are  those  in  which  the  upper  surface  of  tii 
flowing  water  is  exposed  to  atmospheric  pressure,  and  in  wliie 
the  intensity  of  pressure  at  every  point  in  the  stream  is  due  alon 
to  the  depth  of  the  point  below  the  water  surface. 

Rivers,  canals,  and,  ordinarily,  aqueducts  and  sewers  are  opei 
channels;  but  a  river  or  canal  may  become  a  closed  cliannel  i 
covered  with  ice,  and  an  aqueduct  or  sewer  may  become  a  closei 
channel  if  the  water  flows  under  pressure.  See  Chapter  XVI  fu 
flow  in  open  channels. 

The  fundamental  laws  applying  to  flow  in  closed  and  open  chai 
nels  are  probably  identical ;  ami  the  same  general  formulas  ac 
wiiii  proper  modilicutions,  equally  applicable  to  open  or  close 
channels.  Nevertheless,  whether  the  water  in  a  channel  is  i 
flow  under  pressure  or  open,  must  be  determined  in  advance  i 
construction  for  other  reasons.  Any  wrong  assumption  may  c 
suit  in  failure  to  deliver  the  required  volume  of  flow,  or  in  delive 
ing  the  water  at  undesired  pressures,  or  in  actual  failure  of  tl 
structui'e  itself,  due  to  excessive  internal  intensity  of  jii-essure. 


FLOW  OF  WATER  IN  CHANNELS  275 

335.   Relation  of  area  to  velocity.     A  change  in  the    cross- 
sectional  area  of  either  closed  or  open  channels  is  accompanied  by 
a  change  in  the  mean  velocity ;  but  there  is  a  difference  between 
closed  and  open  channels  in  the  manner  in  which  adjustments  of 
velocity  to  changes  in  cross-sectional  area  take  place.     In  open 
channels,  although  a  stream  must  conform  to  the  shape  of  its  bot- 
tom and  sides,  yet  the  elevation  of  its  free  surface,   the   cross- 
sectional  area,  and  the  velocity  will  vary  in  a  manner  that  can 
only  be  accurately  determined  by  observations.     Knowledge   of 
the  behavior  of  a  stream  in  an  open  channel  with  variable  flow 
can  rarely  be  accurately  used  for  another  channel  with  variable 
flow.    In  closed  channels,  on  the  other  hand,   excepting  short 
stretches  near  points  where  abrupt  changes  in  sections  occur,  the 
areas  of  the  channels  and  the  areas  of  the  streams  are  identical ; 
and  changes  in  the  velocity  conform  to  known  changes  in  area ; 
and  comparison  with  other  channels  of  similar   size,   form,  and 
nature  is  easier  and  more  trustworthy. 

336.  The  total  energy  available  at  a  given  point  in  a  stream  is 
the  sum  of  the  kinetic  energy  due  to  velocity  of  flow,  the  energy 
due  to  the  intensity  of  pressure  in  the  water,  and  the  energy  due 
to  elevation  of  the  given  point  with  reference  to  some  other  point 
within  or  without  the  stream.     Hence, 

E^wQI h^-h-^  +  A^W  the  total  available  energy   in 

V2^      7       7/ 

foot  pounds  per  second.  (1) 

|)=sthe  intensity  of  pressure  measured  from  atmospheric 
pressure  ;  if  more  than  atmospheric,  jt?  is  -{-,  if  less,  p 
is  — . 

Pa  =  atmospheric  pressure. 

^e  =  difference  in  elevation  between  the  given  point  and  the 
point  of  reference. 

J'le  total  head  at  any  given  point,  therefore,  is 

2^      7       7 

337.  Lost  head.  The  movement  of  a  body  of  water  sets  up 
Tarious  resistances,  in  the  overcoming  of  which  energy  is  ex- 
pended, just  as  energy  is  expended  on  a  locomotive  in  overcoming 
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track  ami  other  resistances.  Energy  so  used  is  meehnniaif- 
irrecoverable  ;  it  can  not  reappear  in  any  form,  or  do  furth  ■ 
work.  The  work  done  on  a  moving  body  in  overcoming  a  resis- 
ance  may  be  found  by  multiplying  the  resistance,  if  known,  la 
the  distance  through  which  the  body  moves  against  the  resistanc" 
It  follows,  then,  whether  the  resistance  is  constant  or  variabU 
that  if  the  stream  supplies  the  energy  to  overcome  resistance) 
every  successive  downstream  section  will  have  less  energy  or  les 
head  than  those  which  precede  it.  The  differeace  between  tta 
total  head  at  one  section  in  a  stream,  and  the  total  head  in  anotbi 
section,  is  lost  head.     Bv  Uerui-iilii's  theorem  : 


2* 


.b  +  b 


+  *,• 


V,'  , 


a+&4 


hV 


i,-'?-'y  +  ;'.Li:J^  +  ^,-<;,. 


For  example,  between  A  and  C,  figure  108,  by  equation  (3)  t 
lost  head  is  2  feet ;  between  A  and  E  the  lost  head  is  60  feet. 


Ki.i.  UK  —  A  Pipe  wiih  Steady  but  Variable  Flow  uodsr  Pr«ssura. 

Mere  changes  in  velocity,  intensity  of  pressure,  or  elevatin 
must  not  be  confused  with  lost  head.  While  at  one  point  in 
stream  nearly  all  the  energy  may  be  due  to  velocity,  and  in  u 
other  section  of  the  same  stream  tlie  energj-  may  be  nearly  a 
due  to  pressure,  or  to  elevation,  yet  the  total  energy  or  head  ma 
be  nearly  the  same  ;  and  the  only  loss  of  head  would  be  that  dii 
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to  the  energy  necessarily  consumed  in  overcoming  resistances  and 
in  bringing  about  the  transformation  of  energy. 

At  section  A^  figure  108,  the  velocity. head  is  but  1.0  foot,  the 
total  pressure  head  is  68.9  feet,  and  the  head  due  to  elevation  25 
feet;  but  at  section  B  the  velocity  head  is  64.3  feet,  the  total 
pressure  head  is  19.3  feet  less  than  atmospheric  pressure,  and  the 
head  due  to  elevation  15  feet ;  the  head  lost  between  A  and  B  is 
only  1.0  foot,  as  the  total  heads  are  94.9  feet  at  Ay  and  93.9  feet 
at  A 

338.  The  hydraulic  grade  line  is  a  profile  on  the  axis  of  a 
stream,  so  drawn  that  a  vertical  distance  from  any  point  on  the 
profile  to  any  point  in  the  stream  is  a  measure  of  the  intensity  of 
pressure  at  the  latter  point. 

The  hydraulic  grade  line  of  a  channel  under  pressure  is  a  profile 
of  the  water  surfaces  in  a  series  of  actual  or  imaginary  piezometers 
set  in  the  channel.  The  line  ABODH^  figure  108,  is  the  true 
hydraulic  grade  line,  if  intensity  of  pressure  reads  from  zero ;  if 
read  from  atmospheric  pressure,  the  line  A  ffCPD^E^  is  the  hy- 
draulic grade  line. 

The  hydraulic  grade  line  of  an  open  channel  is  a  profile  of  the 
Water  surface. 

An  imaginary  line  drawn  from  the  water  surface  in  a  reservoir 
or  piezometer  at  the  source  of  flow  to  the  water  surface  at  its 
destination  (see  A'JE?',  figure  108),  may  be  designated  the  hy- 
^alic  grade  line  between  these  points.  If  a  channel  is  to  flow 
^nder  pressure,  it  must  be  so  built  that  no  part  of  the  stream  lies 
&boTe  this  line,  otherwise  the  channel  will  not  flow  entirely  full, 
•ir  will  collect  in  the  summit,  and  the  flow  will  be  modified, 
^here  such  an  arrangement  is  necessary,  an  air  pump  may  be 
installed  to  pump  out  the  air  ;  but  this  is  neither  a  permanent 
Dor  satisfactory  remedy. 

If  a  pipe  is  laid  entirely  below  the  hydraulic  grade  line,  its 
depth  is  immaterial  so  far  as  the  discharge  is  affected  ;  but  in- 
^^'cased  depth  means  increased  internal  intensity  of  pressure,  and 
^is  requires  a  stronger  channel. 

Gn^Ucal  representation  of  the  head  due  to  elevation.  If  on  the 
pofile  o&  the  hydraolic  grade  line  a  horizontal  line  is  drawn  rep- 
i^Qting  the  elevation  of  the  point  to  which  the  total  head  is 
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referred,  the  length  of  the  vertical  from  any  point  in  the  streaoii 
to  this  horizontal  line  (or  datum  plane)  represents  the  head  due; 
to  the  eleviilion  of  that  point.  ' 

The  length  of  the  vertical  from  the  datum  plane  to  the  by-' 
draulir^  grade  line  is  obviously  a  measure  of  the  sum  of  the  bead^ 
due  to  intensity  of  pressure,  and  to  elevation  at  any  point  in  tfi^ 
stream  which  is  located  no  tliis  vertical. 

The  neglect  of  atmospheric  pressure  in  drawing  the  hydraolSi 
grade  line  will  cause  no  praotieal  error,  if  the  intensity  of  pn:=:a 
sine  is  everywhere  in  a  stream  equal  to  or  in  excess  of  atmosphen<3 
foi-  example,  O'D'E'  is,  for  all  practical  purposes,  the  equivaleK3 
of  the  true  iiydriiulic  grade  line,  ODE.  If,  however,  the  preasu.  r^ 
anywhere  drops  below  atmospheric,  the  grade  line  must,  in  or<L^ 
to  show  the  actual  intensities  of  pressure,  include  atmosphexri 
pressure  ;  for  example,  see  ABC  and  A' B'  C 

339.  The  slope  of  the  hydraulic  grade  line,  or  its  inclination,  i 
commonly  measured  by  the  sine  of  the  angle  of  inclination;   vi-^> 

'=r  ^* 

>S'=the  sine  of  the  angle  of  inclination  measured  from  xh.  ■ 

horizontal,  and  commonly  called  the  ahpe. 
h  =  the  difference  in  elevation  between  two  succeasive  pointy 

on  the  hydraulic  grade  line, 
L  =  the  distance  between  the  two  successive  points  measured 
along  the  axis  of  the  channel. 
If  the  flow  is  uniform,  the  slope  of  the  hydraulic  grade  line  is 
constant,  always  downward  in  the  direction  of  flow,  and 
the  loss  of  bead  per  unit  distance  of  channel  run,  viz, 


!  line  18 

J 


If  the  flow  Is  variable,  the  difference  (A)  in  elevation  betwoeiij 
successive  points  in  the  hydraulic  grade  line,  even  if  referred  to  a. 
datum  plane,  does  not  always  measure  the  tost  head,  because  it' 
does  not  take  into  account  the  beads  due  to  velocity.  The  slope 
in  open  and  closed  channels  has  a  general  downward  tendency 
except  at  places  where  there  is  a  marked  change  ia  velocity.  ■ 
In  closed  channels,  transformations  of  energy  from  one  form  to, 
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another  may  cause  sudden  rises  and  falls  of  the  grade  line,  which 
in  themselves  are  neither  gains  nor  losses  of  head.  In  figure  108, 
between  A  and  jS,  where  the  pressure  and  elevation  are  changing 
into  velocity,  there  is  an  abrupt  drop ;  and  between  B  and  C, 
where  velocity  is  changing  back  again,  there  is  an  equally  abrupt 
rise,  but  the  actual  lost  head  is  slight.  With  variable  flow  the 
hydraulic  grade  line*  is  a  succession  of  diJfferent  slopes. 

Itttiitration.     Consider   the  following  case  of  steady  flow,  as 
shown  in  figure  108.     Let  ^  =  8.02  cubic  feet  per  second. 

The  total  heads  at  sections  A,  B,  (7,  i),  and  JS  are  found  by 
formula  (2)  to  be  as  follows : 

'    JBo  =  94.9  feet ;  J?i=93.9;  J5rj  =  92.9;  ff^^iS.O;  5;  =  34.9. 

The  total  heads   in  excess   of    atmospheric    pressure   are   as 
follows : 

iT^- 33.9  =  61;        JTi- 33.9  =  60;        JSTg- 33.9  =  59; 
iTg  -  33.9  =  14.1 ;     E^  -  33.9  =  1.0. 

The  lost  heads  between  successive  points  may  be  computed  by 
C33  as  follows: 

o  -  5"!  =  94. 9  —  93. 9  =  1 ;      or  eliminating  atmospheric  pressure 

(61  -  60). 

^  -  JJj  =  93. 9  —  92. 9  =  1 ;      or  eliminating  atmospheric  pressure 

(60-59). 

^-  5*3  =  92.9  —  48.0  =  44.9 ;  or  eliminating  atmospheric  pressure 

(59-14.1). 

'3-  JJ^  =  48.0  —  34.9  =  13.1;  or  eliminating  atmospheric  pressure 
he  total  loss,  JTo- ^4  =60.0        (14.1-1.0). 

340.  The  determination  of  the  most  economical  size  of  channel  to 
^se  involves  many  practical  considerations.     A  channel  may  be 
^  designed  that  practically  all  the  total  head,  or  only  a  small 
part  of  it,  is  lost.     If  the  cross-sectional  area  is  large,  the  head 
^08t  in  delivering  a  given  volume  of  flow  will  be  relatively  small ; 
Wt  the  cost  of  construction  will  be  relatively  large.     If  the  cross- 
sectional  area  is  small,  the  head  lost  will  be  relatively  great ;  and 
the  loss  of  head  may  often  be  more  costly  than  to  increase  the  size 
of  channels.     The  lost  head  in  a  water  power  plant  reduces  tlie 
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*  output  of  energy  from  the  wheels ;  in  a  water  supply  system  ^S  c 
reduces  the  pressure,  which  may  be  needed  to  deliver  water  ^^i 
high  poiuts.  The  problem  is  usually  one  of  deciding  wbeth^^ar 
an  increased  fixed  charge  aud  maintenance  charge  due  to  larg^^r 
cbanneU  is  more  or  less  than  the  value  of  the  loss  of  head  or  ttzao 
cost  of  reproducing  the  required  head  by  pumping.  A  thorou^^h 
knowledge  of  the  factors  which  affect  resistaficea  to  flow  is  essess- 
tial  in  the  design  of  channels. 

Conditioas  aifectlug  resistances  to  flow.  Resistance  is  intS^e- 
pendent  nf  the  intensity  of  pressure  iu  the  flowing  water. 

Resistance  increases  with  an  increase  in  the  area  of  the  rubbLn^ 
surface;  with  increased  roughness  of  the  lining  of  the  channc^I; 
with  the  square  of  the  velocity  (within  15%),  for  velocities 
with  which  the  engineer  has  to  deal  (for  critical  velocity  see 
Chapter  VI);  with  abrupt  changes  iu  the  cross -sectional  area 
of  the  channel;  at  bends  or  at  junctions  with  other  channels  : 
with  decrease  in  depth  in  certain  open  channels,  without  an  io-- 
cresse  in  the  rubbing  surface;  with  an  increase  iu  suspends «^ 
matter  in  the  water. 

Resistance  decreases  with  rise  of  temperature. 

The  various  resistances  will  assume  different  proportions  i^^^ 
every  different  problem ;  and  may  iiave  to  Jae  considered,  or  maj^i-' 
be  neglected,  according  to  tlieir  relative  magnitude.  Variation^^-* 
due  to  suspended  matter  and  to  temperature  changes,  except  ic::*" 
the  case  of  very  small  pipes,  are  commonly  not  considered. 

341.  Formulas  for  flow  in  channels.  It  is  extremely  doubtfiit-*^ 
whether  any  single  formula  which  is  satisfactory  and  generallw^^  _ 
applicable  can  be  evolved  even  after  a  considerable  increase  iic* 
existing  data ;  and  the  utmost  that  can  be  expected  is  a  set  ot^- 
formulas  each  strictly  applicable  to  its  own  set  of  conditions,  aniS^ 
generally  applicable,  but  with  less  precision,  to  a  wider  range  ^ 
Two  formulas  are  widely  used  in  American  and  English  practice^^ 
virtually  two  statements  of  the  same  formula,  and  based  upon  th^  ■* 
assumption  that  the  resistances  vary  as  some  function  of  the  square  "^ 
of  the  mean  velocity  of  flow.  They  have  wide  use  in  spite  o*^ 
several  well-known  inconsistencies,  because  they  are  convenien,^* 
and  have  given  as  high  precision  as  many  practical  problem^^ 
appear  to  warrant. 
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342.  The  Chezy  formula  is  probably  more  used  than  any  other 
formula.  It  may  be  used  either  for  open  or  closed  channels ;  and 
for  steady  uniform  flow  is  usually  stated  as  follows : 

V=^CXES)i.  ,  (5) 

(?ss  coefficient  increasing  with  the  mean  hydraulic  radius  or 
with  increasing  diameter,  and  for  new  clean  channels 
usually  increasing  with  the  mean  velocity  of  flow,  and 
decreasing  with  the  roughness  of  the  channel. 

B  s  mean  hydraulic  radius. 

S=  sine  of  the  slope  of  hydraulic  grade  line. 

Another  form  of  the  Chezy  formula.  The  common  text-book 
formula  which,  as  nearly  as  may  be  determined,  was  proposed  by 
Weisbach,*  and  which  is  used  only  for  pipes  under  pressure,  is  as 
follows : 

For  steady  uniform  flow  under  pressure  in  circular  pipes, 

Ays  the  head  lost  in  friction  (in  feet)  in  a  pipe  of  length  X, 
and  of  diameter  D. 

/sthe  friction  factor  or  coefficient  of  friction,  decreasing 
with  an  increase  in  the  diameter  of  the  pipe  and 
commonly  with  an  increase  of  velocity  of  flow;  and 
increasing  with  the  age  and  roughness  of  the  surface 
in  contact  with  the  water. 

L  =s  the  length  (in  feet)  of  the  pipe  measured  on  its  axis. 

2>=s  the  internal  diameter  (in  feet)  of  the  pipe. 

F=  the  mean  velocity  of  flow  in  feet  per  second. 

jr=:  the  acceleration  due  to  gravity,  taken  here  as  32.16. 

Equations  (5)  and  (6)  are  merely  different  expressions  for  the 
**Jne  formula.     Either  may  be  used  to  suit  convenience. 

M3.  Exponential  formulas.  Several  formulas  are  in  use  which 
^cognize  the  fact  that  resistances  to  flow  do  not  vary  exactly  as 
^  square  of  the  mean  velocity,  but  according  to  some  other 

*irMft(mi<sf,  Coze^B  translation,  p.  806.  The  formula  is  not  uncommonly  des- 
'Med  as  Weisbach's,  Daicy's,  Weston's,  or  Chezy's. 
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«  Kirtrfi  ci'iniliti'm  of  liain^.  the  elope  of  tlte  log  corre  b 
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aiMih  )>toUin;fa  iihowfi  graphically  why  it  is  difficult  to  d 
f(«n(tral  forinnlft  fit  such  a  widely  varying  range  of  coudit 
«n>  fuiirid  in  jiracticv,  eHpecially  in  dealing  with  channels  of 
lltfi  «iirfH(i«  h«ii  Iwun  roughened  by  use  or  by  growths  of  1 
kinds.     HuuTaljIe  XLIX. 

'I'bdii^ti  il.  n'trniN  i^viikint  timt  wi;  shall  never  have  one  f' 
lo  fit  Booumtely  all  kinds  of  channels,  it  appears  probahl 
w«i  inuy  liiivi)  a  fimiill  group  of  formulas  each  of  which  i 
miino  [iiirUciilar  cIuhu  of  channels. 


l''i,ow  ciK  Watkr  in  Pipes  under   Pkessurb  —  Unie 
Flow 

344.  Pipes.  A  pipe  is  a  hollow  cylindrical  tube  of  su 
length  til  dhiiw  during  flow  an  appreciable  loss  of  head  in  fi 
In  uilililion  to  tiio  head  lost  in  entrance  and  in  acquiring  ve 

'riiti  iiiiiUii'iiilH  UHtul  in  constructing  pipes  are  cast  iron,  w 
iron,  Ktot'l,  h'ud,  brass,  rubber,  wood,  glass,  concrete,  v 
rliiv.  mid  variiins  otlior  substances. 

345.  Uniform  flow  nailer  pressure  requires  the  followin; 
iliiii'nx;  a  Hlfitdy  volume  of  flow  which  entirely  tills  a 
of  nli'itighl  pilHS  which  htisa  constant  cross-^ectional  area  an 
uniform  ii'Ujrhui'ss. 

l'nib>r  tbc  vondilioDs  of  stoady,  uniform  flow  in  a  pipe 
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presstire,  the  cross-sectional  area,   the   mean   velocity,  and   the 
discliarge  are  all  constant  in  every  section  of  the  pipe. 

Let  figure  109  represent  a  straight  length  of  pipe  with  steady 
mfonn  flow  under  pressure. 


1*. 


1 


~  —  -^a£.>^/»^/^ 


£>atufn  Pione 


L-^tD 


Fio.  109.  — Uniform  Flow  In  a  Pipe  under  Pressure. 

i  the  internal  diameter  of  the  pipe  in  feet. 
=  — -—  =  cross-sectional  area  of  streaqi  in  square  feet.    (8) 


F=  --  =  — ^  =s  mean  velocity  of  flow  in  feet  per  second.    (9) 


Q^AV'. 


irJD^ 


F=a  discharge  in  cubic  feet  per  second.     (10) 


346.   The  friction  head.     Between  any  two  consecutive  sections, 

**  0  and  1,  the  water  will  part  with  some  of  its  energy ;  and  the 

^^d  at  1  will  be  less  than  at  0.     As  the  pipe  is  straight  and  the 

uow  both  uniform  and  steady,  such  loss  of  head  as  may  occur 

^11  be  due  to  the  resistance  to  motion,  which  is  in  part  rubbing 

friction  between  the  pipe  surface  and  the  water,  and  in  part  is 

i/jternal  resistances  in  the  water  itself  due  to  disturbances  which 

are  incident  to  flow.     This   resistance,  which  is   a   complicated 

phenomenon,  not  thoroughly  understood,  is  designated  "friction." 
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The  loss  of  head  due  to  resistances  in  a  straight  pipe  with  nnifoiiB 
flow  is  called  friction  head,  and  may  be  designated  hf. 

The  friction  head  may  be  actually  determined  in  an  existing 
pipe   by  measuring   the   pressure   heads   and   elevations    at  two 
consecutive   sections  of   a  pipe   and  making  the  following 
putations : 

Let 

—  =  tlie  pressure  head  at  the  center  of  the  pipe  at  0. 

Aq  =  tlie  elevation  of  the  center  of  the  pipe  above  the 
plane  at  0. 

—  =  the  pressure  head  at  the  center  of  the  pipe  at  1. 

A,  =  the  elevation  of  the  center  of  the  pipe  at  1. 
Then  by  (2)  the  toUl  head  at  0, 


H,= 


~g 


and  the  total  head  at  1, 
The  heail  lost  in  friction, 


li,=  H,-H, 


.P' 


+  K 


Pi 


Aj  =  here  1t^. 


C") 


I 


347.  Formulas  for  uniform  flow  in  pipes  under  pressure.  If  at 
the  same  time  the  volume  of  flow  and  the  area  of  the  pipe  are 
also  determined,  the  relation  between  the  friction  head  and  the 
velocity  of  flow  may  be  computed ;  and  from  a  series  of  observa- 
tions covering  a  sufficient  range  of  conditions,  the  law  of  flow 
for  a  particular  pipe  may  be  deduced.  From  experimental  data 
obtained  in  this  way,  the  probable  flow  in  other  pipes  may  be 
predicted.  For  many  particular  cases  fairly  complete  informa- 
tion is  available  and  reliable  predictions  may  be  made ;  but  for 
a  large  number  of  casea  dependence  has  to  be  placed  upou  empiri- 
cal formulas. 

Problems  concerning  the  flow  in  pipes  arise  in  determining 
either  the  head  required,  the  mean  velocity,  the  discharge,  or  the 
diameter,  if  the  length  and  the  other  essential  factors  are  given. 
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The  Chezy  formula  in  two  of  its  common  forms  gfiven  in  equa- 
tions (5)  and  (6)  will  here  be  used,  viz. : 

For  tinif orm  steady  flow  in  circular  pipes : 

The  mean  hydraulic  radius,  iJ  =  -- ;  (^12) 

The  slope  of  the  hydraulic  grade  line,  S=s  ^;  (13) 

The  area  of  the  stream,  A  =  — -—  •    Then, 

4 

The  friction  head,  ^  =  ^^;  orA,=/^^.  (14) 

The  mean  velocity  of  flow  in  feet  per  second, 

The  discharge  in  cubic  feet  per  second,  Q^  A  V=i——-; 

4 

Q  =  .3927  0(^)  ;  or  ^  =  6.  'i(^)  ■  (16) 

The  diameter  in  feet  required  to  deliver  a  given  discharge, 

Comparison  of  coefiBcients  (7 and/, 

Both  of  the  above  sets  of  equations  are  used  as  may  be  con- 
^^ient ;  coefficients  have  in  some  instances  been  derived  in  terms 
^^  /,  in  others  in  terms  of  (7,  but  they  are  strictly  convertible. 
^  the  tables  of  coefficients  in  common  use  both  coefficients  C  and 
^  are  here  given ;  in  Table  XLIX  of  experimental  results  only 
Values  of  C  are  given. 

348.    Relative  discharging  capacities  of  pipes.    Pipe  computations 
iQay  also  be  facilitated  by  considering  the  following  relations : 


HYDRAULICS 


Let  L  aQd  D  be  constant ;  then  by  (16), 

^  varies  as  [-^)  ;  or  if /  is  constant,  as  A/. 

Let  L  and  hf  be  consUuit ;  then  by  (lii). 

Q  varies  as  — - ;  or  if/  is  constant,  as  i)'. 

/' 

Let  L  and  h^  be  constant;  tben  by  (17), 

The  required  diameter  varies  as  (J^Q^y ;  or  if  /  is  consta 
us  qK 

349-  The  Darcy-Weston  friction  factor.  The  values  of  / 
largely  used  in  American  praL-tice,  converted  from  Darcy" 
formula  by  Edmund  B.  Weston,f  are  computed  from  the  foilo 
ing  equation  (19),  Darcy's  experiments  were  on  pipes  from 
inch  to  20  inches  in  diameter. 

For  pipes  having  interior  surfaces  similar  to  new  cast-iron  pip 
for  velocities  of  flow  greater  than  .33  foot  per  second  : 

/=  .01989 +  :^^!^-     (See  Table  L.)  (1 

The  values  of  /  computed  by  formula  (19)  do  not  take  it 
account  variations  in  /  with  changes  iu  velocity,  and  do  not  p 
cisely  agree  with  well -authenticated  experiments  made  sii 
Darcy,  nor  for  pipes  beyond  20  inches  diameter,  which  was  I 
largest  size  used  by  Darcy.  For  the  small  pipes  of  the  ordim 
waterworks  practice,  they  give  results  as  precise  aa  either  I 
assumptions  as  to  capacity  may  ordinarily  be  made,  or  the  effi 
of  increasing  roughness  can  be  predicted, 

350.  For  wrought-iron  and  steel  riveted  pipes,  the  discbarge 
less  tban  for  cast-iron  pipes  of  the  same  age  and  diameter,  1 
cause  the  overlapping  plates  and  projecting  rivet  beads  at  1 
joints  usually  offer  more  resistance  than  the  joints  in  cast-ii 
pipes.  By  countersinking  the  rivets  and  using  taper  points  w 
beveled  edges  a  much  greater  capacity  can  be  obtained.  1 
coeflicients  see  Table  XLIX. 

•  Henri  Darcy,  Stditrcket  Erpfritnenlalr's  HflatiKes  nn  3{ovvemrnl  de  fEnii  li 
(<<i  Tnyaiiz.    Ptuis,  18.57. 

t  B.  U.  Wegtoii.    TatAei'Shmain-j  L'..i<»->/H«ad>liKl',Fricnm 
I  D.  Van  Noslraiid  Co.,  New  York. 


,ii  of  Wauti^l 
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351,  For  old  cast-iron  and  steel  pipes.  As  iron  or  uteel  pipes 
Jige  ^¥ith  service,  not  only  will  their  interior  surfaces  usually  be- 
come roughened  by  the  destruction  of  the  preservative  coating, 
and  tbe  formation  of  vegetable  anil  other  growths  increase  the 

iriction  Lead ;  but  also  these  growths  may  increase  with  time  to 

$ut:h  an  extent  as  to  actually  diminish  the  actual  discharge  area 

'■i  tlie  pipe.     See  figure  110. 
Tliere  is  at  the  present  time  sufficient  experimental  data  to 

I  recast  the  depreciation  of  iron  and  steel  pipes  suf&ctently  accu- 
I'teiy  for  ordinary  waterworks  and  water  power  purposes,  but 
urdly  enough  to  formulate  satisfactorily  these  results;  the 
■inTtosing  number  of  large  and  small  pipes  and  aqueducts  which 
jte  being  measured  periodically  will  probably  make  this  possible 

II  liie  near  future.  Empirical  formulas  for  predicting  the  dete- 
rioration of  pipes  should  be  cautiously  used. 

Ill  Table  XLIX  are  given  examples  of  actual  measurements  of 
iJ'Jw  iu  old  and  new  pipes  which  show  the  effect  of  depreciation 
iiinsedue  to  the  tuberculation  and  vegetable  growths. 

352.  For  pipes  having  interior  surfaces  similar  to  brass  and 

lfad.«nil  for  diameters  from  j  inch  to  3J  inches,  Weston  derived 
frora  tbe  results  of  two  hundred  and  thirty-eight  experiments 
fn  twenty-seven  different  pipes  the  following  expression  for 
computing  values  of  friction  coefficient ; 

/,.oi-2(;H.-"-"°-f^.  (201 

(O' 

For  small  brass  pipes  the  best  available  data  are  from  Saph  and 
^■liinier's  experiments  given  in  Table  XLIX. 

Little  or  no  allowance  for  roughening  need  be  made  for  pipes 
'"'Jtt  of  lead,  brass,  or  any  material  which  does  not  ordinarily  pit 
"^  g»[her  rough  tubercles  on  the  interior  ;  but  there  may  be  some 

Iiiuii'eiise  in  friction  loss  in  lead  pipes  due  to  deposits  with  some 
)iinds  of  water. 
M3.  Values  of  coefficients  for  use  in  the  Chezy  formula  are 
:.'iit^n  as  follows  : 

Experimental  values.  Table  XLIX  gives  the  results  of  a  num- 
'"-!■  of  thf.  best  published  experiments  on  pipes.  For  pipes  larger 
tiiwi  'i  inches  in  diameter,  the  table  contains  a  large  portiim  of  the 
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data  on  which  the  coeffioients  in  present  use  are  baaed.  Many  of 
the  experimental  coefficients  may  be  directly  used;  if  so,  they  tie 
in  general  to  be  preferred ;  if  not  directly  usable,  they  will  senre  u 
a  guide  in  the  use  of  empirically  determined  values. 

Darcy-Weston  coefficients.  Table  L  gives  values  of  the  frietum 
factor  /  computed  by  Weston's  formula  (19),  for  Darey's  .aiperi- 
ments  together  with  equivalent  values  of  (7. 

Smith  coefficients.     TaUe  LI  gives  values  of  O  d0rifKt4ij 
Hamilton  Smith,  Jr.,  together  with  the  equivalent  valU' 
the  friction  head  for  1000  feet  of  straight  pipe.    ThMi^. 
should  be  used  only  for  very  smooth  channels. 

Fanning  coefficients.    Table  ZLII  gives  values  of  O  usidf,  ftom- 

sponding  to  Fanning's  coefficient,  which  was  eqnal  to  >£^^  .l!^y 

are  applicable  only  to  very  smooth  channels.  :-> 

Weston  coefficients  for  brass  and  lead  pipes.    TaMa  Illl^ip^ 

values  of  /  computed  by  formula  (20),  equivalent  ywlvmtlL  fii 
and  the  friction  head  for  1000  feet  of  pipe.  '.  ^ 

354.  The  Kutter  formnla,  although  intended  and  largdy  used 
for  pipes  as  well  as  for  open  channels,  is  not  reconunended  for 
pipe  calculations.  To  estimate  directly  a  suitable  value  of  Oi^ 
simpler,  and  probably  quite  as  accurate  as  to  estimate  a  value  of  f^ 

The  Kutter  formula  for  use  in  open  channels  is  taken  npin 
Chapter  XVI. 

355.  JExamples.  The  following  examples  will  illustrate  the 
computation  of  the  flow  in  pipes. 

Given  a  new  straight,  smooth  cast-iron  pipe  1000  feet  long,  laid 
as  shown  in  figure  112.  The  intensity  of  pressure  on  the  center 
of  the  pipe  at  0  is  60  pounds  per  square  inch.  The  center  of  the 
pipe  at  0  is  100  feet  higher,  and  at  1  it  is  70  feet  higher  than  an 
arbitrary  reference  (datum)  plane. 

A.  Given:  Diameter  =  2  feet ;  discharge  =  9.42  cubic  feet  per 
second;  and  length  =  1000  feet. 

Compute  the  head  lost  in  friction,  and  the  intensity  of  pressure 
at  1. 

V  =  ^^  ^^^  =  3  feet  per  second  ;  /= . 01989  + 1^666 ^  ^.y^^ 
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By  (14),  h,  -  i^^i?^^^  =  1.46  feet ;  or  A,  =  .0207  ^^^^^  ><  ^' 


ma  X  2 


2  X  64.32 


=  1.45  feet. 


By  (3),22  +  —  +  —  + 100  =^  +  —  +  Jb-  +  70  + 1.46. 
^^^'7^2^^.483  7      2^^.433 

Whence  -^^  =  167  feet ;  and  p-^  =  72.3  pounds  per  square  inch. 


Fio.  112. — Uniform  Flow  in  a  Pipe  under  Pressure. 


B.  Given :  Friction  head  =  1.45  feet ;  diameter  =  2  feet ;  and 
length  =  1000  feet;  compute  mean  velocity. 

^  ^    ^  2   \   1000    J 

or  V^  8.02f--i^m|— )*  =  3  feet  per  second. 

V.0207  X  1000/  ^ 

C.    Given:    Friction    head  =  1.46    feet;    diameter  =  2    feet; 
L  =s  1000  feet.     Compute  the  discharge. 

By  (16),  Q  =  .8927  x  111  ^li^^)*  =  9.42 ; 

Q  ^  e.sfj-y^^    y  =  9.42  cubic  feet  per  second. 

V.0207  X  loouy  ^ 


or 


D.    CHven:  Length  =  1000  feet ;  Q^  9.42  cubic  feet  per  second ; 
friction  head  a  1.45.     Compute  D. 
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Here^  is  unknown,  but  a  trial  solution  may  be  made,  \ 


mean  value  of  f=.02,  C=  113. 


By  (17).  i)=  1.453 


J)^  .479[ 


'1000  X  9.42»\i 


.02  X  1000  > 


1.45 


r)'=i. 


=  1.98  feet. 


The  nearest  commercial  size  is  2.0  feet  (see  Table  VI);  anJ/ 
for  this  size  is  .207,  hence  no  further  computation  is  reqiiired. 

If  the  value  of/  can  not  be  selected  by  means  of  the  data  given, 
some  value  should  be  assumed  and  successive  trial  solutions  sbouU 
be  made  until  all  the  factors  of  the  problem  agree,  llarely  more 
than  two  solutions  are  required  to  select  commercial  sized  pipes, 
because  they  vary  by  considerable  differences  in  diameter.  With 
tables  of  discharge  such  as  Weston's  and  Williams  and  Hazen's, 
selections  may  be  made  with  little  computation. 

NOTK.  Certain  eiperimentB  on  a  24-inch  pipe  which  can  not  itt  prMent  b« 
published  gave  the  following  friction  heatb  for  1000  feet  »t  n  velocity  of  3  M 
fi  secoiid ;  iiftjer  ii  mozilhs'  servicu'  ahoiit  1.2  feet;  after  1  year's  eervioe  iboirt 

1.5  feet,  after  2y8ii» 
'  f    I    about  l-iifwt. 

'  ThB  effect  of  «• 
■  :i  certiiin  cast-iniD 
;;|„..s  IT.  T»bl* 
M.iX     abouTd    t«' 

356.    Distribu- 

■ion  of  velodties 
■\  the  cross  sec- 

iion   of    a    pipe- 

I  I  L   velodtj  of  I 

water   in  ^ 

iiooth-line**^ 

iJipe  under  prtsH 

Mire  varies  froi'^ 

the  perimeter  t*^ 


MAr/rtW  in  F'»at  p»r  Saeond 

FiQ    113.  — Velocity  Curves  iBRplpo.  viic   iJt-rimcKii  —-. 

\  at  or  near  the  center.  Late  investigations  by  Baxi^ 
(1897)  :  by  Cole  (1897)  :  and  by  Williams,  Hubbell.  aji.l  Fenkell 
(1901-1902),  indicate  that  in  a  general  way  the  distribution  o* 
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3  in  a  new  pipe  are  fairly  represented  by  the  surface  of  an 
of  revolution  with  its  axis  coinciding  with  the  axis  of 
The  mean  velocity  is  from  .8  to  .9  of  the  center  ve- 
le  mean  ratio  deduced  by  Williams  being  .84.  The 
at  the  perimeter  is  about  .5  the  maximum  velocity.  And 
t  of  mean  velocity  is  at  about  .75  of  the  radius  of  the 
a  its  center.  With  rough  or  incrusted  linings  the  distri- 
velocities  will  vary  greatly.  In  any  case,  the  distribution 
consequent  ratios  can  only  be  determined  satisfactorily  by 
ie  with  a  Pitot  tube  (see  Chapter  VII,  figure  38,  for  a 
►f  velocity  curves).  Figure  113  shows  a  series  of  velocity 
lade  by  pitometer  measurements  in  10-inch  diameter  old 
pipe. 

Variable  Flow  in  Pipes  under  Pressure 

<osses  of  head  in  variable  flow.  If  a  pipe  is  not  straight, 
miform  cross-sectional  area,  in  addition  to  the  friction 
re  will  be   other  losses  due   to  changes  in  velocity  or 

of  flow.  These  losses  vary  in  magnitude,  and  should 
lered  in  any  problem  if  their  magnitude  is  sufficient  to 
e  degree  of  accuracy  required  in  the  result.  These 
y  be  conveniently  expressed  as  a  function  of  the  velocity 

directly  as  lost  head  in  feet.  The  uo^al  classification 
due  to  change  in  velocity  or  direction,  which  are  called 
ises,  is  as  follows  : 

b  at  entrance  to  the  pipe,  K^^ot^' 

b  because  of  enlargement  of  the  cross-      A.  =  f,—  . 
al  area,  ^  ^ 

t  because  of  contraction  of  the  cross-      h^  =  ^^^ 

al  area,  ^^ 

t  at  bends,  hf,=^f,-    • 

-// 

I  at  valves  and  gates,  A^  =  f ^  j—  • 

^ormulas  to  include  all  losses  of  head.  The  total  head 
producing  flow  may  in  addition  to  tlie  head  due  to  veloc- 
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i'y  C^t.)  fii'l  the  friction  head  (A,)  include  one  or  more  of  the 
iibove  losses.  A  complete  equation  covering  all  these  losses  of 
head  may  be  written  as  foil 

Let  H=  the  total  head  available  for,  or  required  to  produce,  a 
given  flow  of  water. 

Then  H+S^  =  K-\-  A.+  A.  +  A,  +  A.  +  A.  +  A,  +^ 

7  y 

r-a 
Or  in  terms  of  — , 

-fi'-|^(l+-f +  f-  +  f.  +  ^  +  f.  +  f.)-      (21) 
Hence,  V= 

or  simply  V=  8.02^-^')  ■  (22) 

Aa  =  sum  of  heads  lost  between  given  sections  in  any  pipe, 

and  Q  =  A  V=  — - —  , 

359.    In  a  uniform  straight  pipe,  or  one  which  ia  laid  with  easy 
curves  and  may  be  considered  practically  straight,  leading  from    ^ 
a  reservoir  or  from  another  very  large  pipe,  only  the  head  required^ 
to  get  up  velocity,  the  head  lost  at  entrance,  and  the  friction  hea^^ 
need  be  considered. 


Then  K=  8 


[>-f^ 


In  many  such  pipes  the  velocity  bead  and  the  entrance  hea_ 
are  relatively  so  small  in  comparison  with  the  friction  head  th^. 
their  omission  will  not  affect  the  accuracy  of  the  result.  For- 
example,  if  a  pipe  is  7500  feet  long  and/=  .01,  or  if  the  pipe  i* 
SoOO  feet  long  and/ =.03,  the  neglect  of  C^  +  fo)  *^  forrouU 
(23)  will  cause  an  error  of  only  1  fs,  which  implies  a  degree  o( 
precision  rarely  obtained  in  pipe  problems. 

360.  If  minor  losses  are  negligible,  all  the  available  head  is  said 
to  be  used  in  friction,  that  is,  the  total  available  head  H  is  assumed 
to  equal  the  friction  head  Ay,  and  (23)  becomes 
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■''■o^m- 


(24) 


This  formula  is  obviously  diflferent  from  (15)  only  in  using  ff 
for  hf ;  consequently  formulas  (14)  for  head,  (16)  for  discharge, 
and  (17)  for  required  diameter  may  be  used  by  a  mere  change  of 
hf  to  K 

The  minor  losses  may  be  approximately  determined  with  more 
or  less  accuracy  by  the  following  formulas  and  methods. 

361.   Head  lost  at  entrance.     For  a  short  distance  at  the  end 

where  a  pipe  takes  out  of  a  reservoir,  experiments  have  shown 

that  the  stream  first  contracts  and  then  enlarges,  and  finally  fills 

the  pipe  as  in  a  short  tube  of  similar  form.     The  losses  in  a  short 

tube  depend  on  the  relation  between  velocity  in  the  contracted 

section  and  the  velocity  in  the  pipe  where  it  is  flowing  full ;  and 

this  relation  is  largely  determined  by  the  form  of  the  opening. 

It  is  fair  to  assume  that  the  losses  in  the  short  distance  at  the 

entrance    to  a    pipe   may  be    computed    as  for    a  short  tube. 

Therefore 

/I        W^         F* 
The  head  lost  at  entrance,  A-  =  I  ^;^  —  1  Itt-  =  f  o  ;;—  •  (25) 

\0^       J2g     *  2^ 

V=i  the  mean  velocity  of  flow  in  the  pipe. 

0  as  the  coefficient  of   discharge  of  a  short  tube  having  a 
form  similar  to  the  entrance  end  of  the  pipe. 

fo «  factor  for  entrance  loss  =  ( 7^ ""  ^  )• 

The  common  forms  of  entrance  are  as  follows  : 

A.  The  end  of  the  pipe  set  flush  in  a  flat  surface.     (See  figure 


A  s   ^  ^         c 

FiQ.  114.— Three  Common  Forms  of  Pipe  Inlets. 

114  A.)     This  form  corresponds  to  a  standard  short  tube.     Hence 
C^  .82 ;  and  f^=  .6.     (See  Chapter  X,  §  188.) 
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H.   The  end  of  the  pipe  projecting  iiiwanl.     (See  figure  ' 
This    form    corresponds    to    a    reentrant    short    tube. 
C=  .72  and  f,=  .93.     (See  Chapter  X.  §  187.) 

C.  The  end  of  the  pipe  shaped  like  a  bell  mouthpiece 
figure  114  C.)  This  corresponds  to  a  rounded  orifice. 
(7  =  .95  to  .99;  and  ^^=.\\  to  .02.     ^See  Chapter  X.  §  li 

362.  Loss  because  of  enlargement  of  section.  Abrupt 
ment.  Figure  115  represents  a  section  of  a  pipe  ibroug! 
a  steady  discharge 
ing  under  pressui 
sections  OB  and  . 
pipe  is  entirely  fille 
the  following  r 
exist : 


i 


Flu.  115.  — Abrupt  Enluigemi 

whicb  cHiisea  the  e 
less  than  at  OB. 


The  change   in 
from    r^  to    P'j   ia 
pauied  by  a  loss  of 
L  total  of  energy  in  the  stream  at  B 


Let  W^  weight  of  volume  of  flow  in  pounds  per  secoDC 
A.  =:  the  bead  lost  because  of  enlargement. 

-9 
f.  =  factor  for  enlargement  loss. 
By  Bernoulli's  theorem ; 


yri^-A 


+  Ao 


Therefore  the  head  lost. 


\7       '■S        ' 
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The  force  required  to  change  W  pounds  of  water  per  second 
from  Fi  to  Tj  (see  §  97)  is 

W  wA  V 

Theoretically  the  intensity  of  pressure  at  CD  and   at  (7'2>' 

(neglecting  the  space  filled  by  eddies)  should  be  equal  to  the 

intensity  of  pressure  at  OB  because  the  sectional  areas  of  the 

Stream  are  equal.     There  should  be  therefore  at  the  entrance 

to  the  large  pipe  a  total  pressure  in  the  direction  of  flow  equal  to 

'\-h^A'^  (the  plus  sign   indicating   direction   of  motion).     At 

Bt  there  is  a  total  pressure  opposed  to  flow  equal  to  —  h^wA^ 

(the  minus  sign  indicating  direction  opposed  to  motion).     The 

^gebraic  sum  of  the  total  pressures  at  these  two  sections  should 

theoretically  be  the  force  causing  change  in  velocity ;  therefore, 

-P=  -I-  h^wA^  —  \wA^  ^  ^A^(\  —  Aj).  (E) 

^Tom  (D)  and  (^),  wA^(h,  -*,)==  "^^ (  V^  -  V,).        (G) 

F«xn((y),      A,^A,=.^l^-^o^l^^^x^■^^o^x.  (H) 

Substitute  from  (JI)  into  (C) ;  then 

1*^X8  loss  is  in  addition  to  the  friction  head. 
Sioceby(^),  F„  =  ^i, 

*-  =  U       /2^-Uo'     ^)2g-^'2ff'  <-2^) 

TABLE  XL 

Tablk  or  Values  of  f,=  If-^)  —  1 1 

10      9      8      7      6      54321 


36    25    16    9    4    1    0 


^ttt  little  experimental  data  confirming  this  formula  are  available. 

*^6isbach  states  that  he  made  experiments  which  confirm  this 

'theory  of  loss  of  head,  and  that  Borda  first  found  it.     Gibson  at  a 
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Iso  made  experiments  the  results  of  which  tend  to  o 
1  tneory.     See  also  Briglitmore's  experiraenta  (p.  291 

Tadaal  enlargement.     If  the  eection  is  enlarged  evenly  in 
.ent  distance  ami  the  edges  rounded,  the  loss  due  to  enlarge- 
be  practically  eliminated. 


—  If  cr 

y^- 


Fig.  110.  — Gnduol  Ejilargemiiut  in  a  Pipe. 
Fliegner  ■  showed  that  for  gradual  enlargement  (see  iigure  1 16), 


In  ordinary  practice  in  designing  channels,  it  has  been  found 
that  considerable  loss  can  be  avoided  by  making  all  necessary 


FiQ.  117.  — QradualEalugemeiitliiaPipa. 

changes  as  gradual  as  possible.     A  batter  of  1  to  10  as  showtm. 

in  the  above  figure  (117),  for  velocities  less  than  six  feet  per- 
second,  is  usually  a  favor- 
able one. 

364.  Loss  became  of 
contraction  of  section. 
Abrupt  contraction.  Fig- 
ure 118  represents  a  sec- 
tion of  a  pipe  through 
which  a  steady  discharge 
is  flowing  under  pres- 
sure. At  sections  OB 
and  Gff  the  pipe  is  as- 
sumed to  be  entirely 
filled ;  at  section  l-' 
Fio.118.  — AbruptContraotlonlnaPipe.  the  stream  CroBS  sectlOl" 

•  Unwin'a  Hsdraulics,  p.  170, 
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ia  BmstUer  than  the  area  at  the  entrance  edge  of  the  smaller  pipe, 
OT  at  OR.  The  following  relations  exist  between  velocity  and 
area  &t  these  three  sections : 

Q^A^V,=^AV,=^A,Vy  (J) 

Therefore,       V,  =  ^^  •  (K) 

As  the  edge  at  entrance  to  the  smaller  pipe  corresponds  to  a 

sharp-edged  orifice,  the  area  of  the  contracted  section  will,  as  for 

A 
an  orifice,  depend  on  the  ratio,  -^ ;  from  which  (7,  the  coefficient 

of  contraction,  may  be  determined.     If  Oc  is  known, 

A^CJi,;  and4^«l;  hence  K^^^^      (M) 

The  change  in  velocity  from  F^  to  F^  is  accompanied  by  a  loss  of 
energy  and  causes  a  loss  of  head. 

T  F* 

^t  &.=  head  lost  because  of  contraction  s  {.  -—  • 

\  (« ss  factor  for  contraction  loss. 

The  head  lost  because  of  contraction  may  be  divided  into  two 
parts :  one  loss  between  OB  and  HF;  and  the  other  between  HF 
and  Qff,  The  first  is  similar  to  the  loss  in  an  orifice,  is  relatively 
^^all^  and  is  frequently  neglected ;  the  second  is  the  loss  due  to 
sudden  enlargement.     The  sum  of  these  losses. 

Substituting  the  value  of  J^  from  (if), 

TaMc  of  values  of  C^  and  |^.  The  values  of  (7^  on  which  f ,  is 
"ftsed  are  taken  from  a  plotted  curve  of  Freeman's  coefficients  * 
^'  discharge  for  ring  nozzles,  and  deduced  on  the  assumption  that 
w= 0.975  which  is  assumed  by  Freeman's  curve.  (See  §  205, 
Table  XXVI.) 


*  These  seem  the  best  available  experimental  data,  and  agree  closely  with  Weis- 
coefficient^. 


bich'f 
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TABLE   XU 


I 


.632     .644     .650      .676 
;f4s-l^   -ISO     -126     .120      .114 


■■  .469      .431      .387 

Weiabach'fl  values  of  C„* 

.624      .632     .643 


.6BB     .717      .744      .784 
.107      .101      .004      .085 


.191      -156      .118     .076 
557      .212      .161 


.712      .755     .813 


365.    A  diaphragm  produces  abrupt  contraction,  which  has 

^      .,„,.,,, effect  of  greater  magnitude  than  "■ 

11.1  { 


nary  contraction,  because  the  sudc 
F  enlargement  of  the  stream  after  pa 
^^  ing  the  area  A^  is  greater  thau  if  t 
^P*'  contraction  is  made  into  a  pipe  of  t 


same  bore  as  the  opening  in  the  diaphragm.     See  figure  119. 
AV 


Q  =  C^  r„  =  AV;  hence  V,  = 


]2(X- 


A.C; 


r^r  A^  ( 


The  following  table  is  computed  by  formula  (30),  uajug 
same  coefficients  of  contraction  (C,)  as  in  Table  XLI : 

TABLE   XLII 
^       '\  .2  .3  .4  .5  .6  .7  .8  .9 

f,       233  49  18  8.0        4.0        2.0        1.0        0.4        0.2 

366.  A  btiBhing  of  sutBcient  length  to  form  a  short  tube  on 
interior  of  the  pipe,  as  in  figure  120,  will  cause  a  loss  head, 
equal  to  the  sum  of  head  lost  in  contraction  into  the  tube  +  h' 
lost  in  enlargement  from  tube  to  pipe;  therefore 

•  Coefflcienu  for  imperfect  contraction,  Wcisbach'a  Kfo^oitici,  p.  888. 
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A.= 


4.  may  then  be  computed  by  Tables  XLI  and  XL.  On  the 
whole  this  loss  for  similar  ratios  will  be  less  than  for  a  dia- 
phragm; and  in  making  up  pipe,  hose, 
and  nozzles,  some  form  of  bushing  is  un-  ^_,__ 

avoidable.  ^^"i^Pv^ 

Brightmore's  experiments  on  sadden  en-  ^uufffiT^wf^Wfi^iff^tii^^^^^ 


yy^y///'/////^ry^r^^^y^^/^^^^^x/^^^^y^^y/. 
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largement  and  contraction  showed  for  6  to   ^°-  ^^o.-Boahing  in  a  Pipe. 
3,  or  3  to  6- inch  diameters  a  close  agreement  with  theoretic  values ; 
for  6  to  4,  and  4  to  6,  the  loss  was  less  than  the  theoretic  values. 

367.  Gradual  contraction.  If  the  section  is  decreased  evenly 
in  a  sufficient  distance,  loss  due  to  the  contraction  is  practically 
eliminated.  Abrupt  contractions,  diaphragms,  or  bushings  should 
if  possible  be  avoided. 

388.  Head  lost  in  bends.  Between  the  beginning  and  end  of  a 
bent  or  curved  portion  of  a  pipe,  the  loss  in  head  will  be  greater 
than  for  an  equal  length  of  a  straight  portion  of  the  same  pipe. 
The  reasons  are  many,  but  important  among  them  are  the  increase 
in  maximum  velocity  and  redistribution  of  velocities.  The  in- 
creased resistance  due  to  the  effect  of  the  bend  may  be  computed 
as  a  separate  additional  loss  and  added  to  the  friction  head. 

Let  Aft  =s  the  additional  head  lost  due  to  the  bend  =  f ^  -— . 

(5  =3  factor  for  additional  head  lost  in  bend. 

The  experimental  data  available  for  computing  {^  are  meager  and 

somewhat  discordant. 

389.  For  sharp  bends  or 
elbows.  Weisbach  ♦  de- 
duced from  experiments  on 
a  smooth  iron  pipe  3  centi- 
metres (1.2  inches)  in 
diameter  the  following 
formula  (see  figure  121)  : 

Ift  =  0.95  8in2 1  +  2.05  sin*  ^.  ^32) 


fiQ.  121.^  Sharp  Bend. 


*  Mechanie9^  Coxe's  translation,  p.  806. 
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By  form  32)  Weiabach  calculated  the  following  table : 

TABLE  XLIII 

e      20"  40"  60"  80°  fiO"  100"  ISfT  H0"= 

it     .a:.  .14  .30  .74  .9S  1.20  1.6G  2.V^ 

For  smaller  diameters  he  found  f »  t-  <• 
be  greater;  for  a  diameter  of  1  ceutm- 
metre  (.4  incli)  and  ^  =  90°,  1^  =  1. 5-t. 

"^  bends  offer  lesa  resistancs*   ' 
Weiabach*  from  his  o^'^'* 
experiments  deduced  t.t»e 
ula  for  circular  pipes : 

+ 1.8,5  (;^)^  (3S) 

D  =  interoal  diameter        :he  pipe. 
p  =  radiuH  of  curva  f  the  bend. 

By  formula  (33)  Weisbacb  calculated  the  following  table  : 

TABLE  XLniA. 
£      B  2JS      1.67      1.25  1.        .84        .72        .68  .58  ■• 


Weiabach's  experiments  were  limited  in  range  and  made  ox^v^^X 
on  very  small  pipes ;  they  probably  can  not  be  safely  applied  t>*^^  * 
wide  range  of  conditions. 

371.   WiUlams,  Hubbell,  and  Fenkell  experiments  f  on  corv"^^' 
In  1897-1901  Williams,  Hubbell,  and  Fenkell  made  an  elabor^** 
set  of  experiments  on  the  flow  in  new  cast-iron  pipes,  coated  V*  ** 
coal  tar,  of  12,  16,  and  30  inches  diameter.     The  results  giV^" 
below  are  taken  from  a  curve   plotted  by  them,  and  are  bai3^ 
chiefly  on  the  30-inch  pipe;  they  show  the  increase  in  resistaU*^^ 
caused   by   curves   in  portions   of  the   pipe   80  diameters  lon^^' 
which   included  the  curve,  in  comparison  with  an  equal  lengt.'-' 
of  all  straight  pipe.     The  curves  all  had  90°  central  angle. 

*  Mechanict,  Coie'B  translatioD,  p.  89T. 

t  Trant.  Am.  Soc.  O.  E.,  Vol.  47,  1902.  pp.  1-886. 
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TABLE  XLDT 
lELxukTiVB  EzosBS  L0B8  OF  Head  due  to  Curves  nr  a  Length 

OF  80  DlAMBTSBS,  iNOLUDIirO  THE  CnRYBB 

.^        2       21     8       4       5     10     15     20     25 

?^v  oenl  inoieMe  doe  to  onnre :     14     18     14     18     24     50     67     80     93 

-PV^r  like  12-tficA  pipe  the  peroentage  increase  due  to  ouryesforfiYe  experiments 
^AB  as  follows: 

^    1.08        2        8        4 
D 

^<ar  oent  Inomse  due  to  onnre :    24.6    10^    17.1    10.1 

80. 

There  were  only  two  experiments  on  the  16-inch  pipe,  a  5-foot 
inidius  showing  an  exoess  of  25  per  cent,  and  a  compound  curve 
showing  an  exoess  of  28  per  cent  over  an  equal  length  of  straight 
pipe. 

The  minimum  inoreaae  observed  was  when  ^  ■■  2^.    For  greater 

nttioB  the  resistance  due  to  curvature  was  observed  to  increase 
^ith  the  length  of  curve,  that  is,  with  increase  of  radius  for  a 
given  central  angle,  which  appeared  contrary  to  all  previous 
experiments ;  but  Davis's  experiments  (§  875),  and  Brightmore's 
(§  S76)9  indicate  a  similar  increase  though  from  different  minima. 

372.   Freeman's  experiments  on  fire  hose,  which  are  g^ven  in 
■^^ble  XXVIII  (page  178),  appear  to  confirm  Weisbach's  theorem 
^^t  the  resistances  due  to  curvature  increase  with  the  sharpness 
^*  the  curve. 

STS.  Sa^  and  Schoder's  experiments.     Saph  and  Schoder  made 

^^periments  on  a  2-inch  seamless  drawn  brass  pipe  which  were 

^J^blished  in  the  Hiramactions  of  the  American  Society  of  Civil 

^^Vflrtimra,  vol.  47,  pages  295  to  828:  ''The  total  excess  losses 

^^  liesd  due  to  curves  showed  no  tendency  to  follow  any  simple 

*^'W.'*    The  results  are  too  voluminous  to  be  reproduced. 

They  made  anotlier  set  of  experiments*  on  6-inch  pipes,  from 
^hich  the  following  table  is  taken : 

•  Tram.  Am.  80c.  C.  S,,  Vol.  62,  1009,  pp.  67-96. 
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^ 

1 

■ 

TABLE  XLY 

ExcESa  Losses  op  Head  pue  to  Clki 

Ea,    EXI-RESSED    IM    TeRMS 

0*^ 

Velocity  Heads; 

».-&i 

9 

: 

D.A«- 

Rinirt 

L»>m> 

Tal™ 

..(. 

MinUAL 

MuH  or 

Fm 

Cnrrii 

TltooItT,  In  «Kt  pa-  ■ 

1 

^''iZr 

' 

- 

«  K«T 

" 

.. 

*» 

Wrought  Iron 

(1.00  in. 

10.00 

20 

10.77 

0.34 

0.27 

0.19 

O.-LA 

2 

Wrought  Iron 

6.18  in. 

7.50 

15 

12.&1 

0.15 

0.00 

0-05 

O.U2 

3 

Wrought  Iron 

(i.lU  iu. 

5.00 

10 

fl.01 

0.21 

0.16 

0.11 

0-08 

4 

Wrought  In.u 

G.ll  in. 

4.00 

8 

7.34 

0.28 

0.22 

0.17 

0.13 

S 

Wrought  Iron 

0.11  iu. 

3.00 

9 

5.81) 

0.28 

0.21 

0.17 

0.14 

It 

Wrought  Iron 

6.08  in. 

2.50 

5 

5.08 

0.1* 

0.12 

0.11 

O-II 

T 

Cast  Iron 

5.91  iu. 

2.00 

i 

S.64 

0.2+ 

0.18 

0.1« 

0.12 

s 

f^t  Iron 

a.95  in. 

l.oO 

8 

9.8tl 

0.21 

0.1  a 

O.lf} 

0-12 

0 

Cmt  Iron 

5.91  in. 

l.OH 

2.16 

2.51 

(1.22 

O.J  9 

0.17 

0.13 

11* 

Cast  Iron 

Mlin. 

0.03 

1.00 

1.75 

0.25 

0.31 

aw 

0.18     ' 

11 

Caat  Iron 

r,m  in. 

O.Sfl 

1.78 

3.62 

0.24 

0.24 

0.23 

0-:22 

12 

CiisL  Iron 

ri.Oa  in. 

0.(17 

1.31 

1.05 

0.39 

0.33 

0.20 

o.i?« 

The   straiglit   pipe   experiments   made   at   the  same  time    ^Fiil 
be  found  in  Table  XLIX. 

374.    Alezaoder's    experiments*    on   varnished    vooden    pip** 
1  \  inches  internal  diameter  are  expressed  as  follows : 


Where  —  is  not  greater  than  0.2 
2/> 


Wliere  —  is  from  0.2  to  0.5, 
2/) 


"^  £(.00498)  ri-"T.       C^^ 


X(.00498)  ri-~ 


C^S) 


kg  ia  the  loss  of  head  due  to  benila  In  excess  of  the  friction  l"^ 
for  an  equal  length  (i)  of  straight  pi|>e.     For  the  straight  f*™ 
Alexiuider  determined  the  equation  5"=  .0407  K'". 

"  C.  W.  L.  Alexander,  Proc.  Insl.  of  Civil  Bag.,  Vol.  169,  p.  868. 
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■AJlezuider  also  derived  the  following  equation  from  a  compnta- 
aoaa.  of  Saph  and  Schoder's  2-inoh  brass  pipe  experiments : 


*,  »  8.27r^^""x(.00262)  F»w. 


(36) 


n»/if6 


379.  StTls's  ezperimfliiti  on  bendB  and  elbows.     O.  J.  Davis 

teported*^  the  reeolta  of  experiments  made  at  the  University  of 

WisooDsin,  part  of  which  are  here 

^ven.   They  are  of  especial  interest 

became  they  indiifle  experiments 

(m   commercial   elbows   and    tees. 

See  figure  128. 

All  the  corves  experimented  on 
made  a  torn  of  90^,  and  had  radii 
of  eonratore  as  g^ven  in  the  follow- 
ing taUe,  XLVI. 

Not.  1  to  6,  indnsive,  were  stand- 
ud  fittings  purchaiBed  from  the 
Cnme  Company.  No.  7  was  a 
special  casting.  Nos.  8  and  9  were 
bent  from  2-inch  pipe. 

Drawings  of  Nos.  1  to  6,  inclu- 
^%  are  shown  in  fignre  128.  No.  7 
^^  similar  to  Nos.  2  and  8,  the 
^7  difference  being  in  the  longer 
'^iua  of  cnrvatore.  Nos.  8  and  9 
^we  fitted  with  ordinary  flanges, 
^0  attempt  being  made  to  obtain  a 
fl^  joint. 

Table  XLVI  is  taken  from  Davis^S  ^^-  123.-Elbow8  and  Tee,  referred 
T^^  to  in  Table  XLVI. 

The  elbows  were  preceded  and  followed    by  straight  pipe. 

T^  Iiead  was  read  at  several  piezometers ;  one  (J?)  was  located 

*  'oot  upstream,  another  (-E),  17  feet  downsteam  from  the  elbow. 

'^  ozcess  loss  of  head  due  to  curvature,  is  taken  as  the  difference 

•^tw-een  the  total  loss  of  head  between  B  and  H  as  shown  by 

piezometers,  and  the  head  that  would  be  obtained  by  multiplying 


CtowH*> 


FifowN*4. 


•  IVoM.  Am,  Sot,  C.  E,,  Vol.  62,  pp.  07-112. 
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Intbkn&l 
Diameter 

w  Elbo« 


Malleable  iron  elbow     .     .     . 
Caat  iron,  loiig-tum,  drainage  el 
Cast  iron  drainage  elbow  .     . 
Cast  iron,  short  turn     .     .     . 
Cast  iron,  long  sweep   .     .     . 

Cast  iron  tee 

Cut  iron 

\Vrouglit  iron  or  steel  .     .     - 
Wrought  iron  or  steel  .     .     . 


21 

n 


2A 
2A 
2A 


the  actuiil  center-line  length  on  the  curve  by  the  frietk 
per  foot  of  straight  pipe. 

The  Htraight  pipe  was  a  nominal  2-inch  wrought  iron ; 
mental  resulu  on  the  straight  pipe  are  given  in  Table  XLI 


VKLOCtTT 

EXCKH  LOBB 

or  Hkui  t 

N  FBrr,  no 

R  TO  CcltVHI 

Sscuini 

-^-01» 

-^-0.728 

i=- 

i-'--' 

-^  =  5.00 

i 

2 

0.101 

0.M0 

0.022 

0.0086 

0.1MJ43 

3 

0.230 

0.002 

0.055 

0.023 

0.014 

4 

0.403 

D.165 

0.104 

O.fttS 

0.0.32 

5 

0.610 

0.2(10 

0.175 

o.osa 

o.oea 

e 

0.8<tO 

0.370 

0.2B0 

0.140 

0.103 

s 

1.890 

0.S60 

0..">00 

0.280 

0.240 

10 

1.020 

0.840 

0.500 

0.470 

IS 

2.33 

2.10 

1.40 

1.45 

Taken  frcni  a  curve  giren  br  naris. 

376.  Brightmore's  experiments*  on  elbows  and  bends  ir 
t-inoh  pi[>es.  Tlie  oUmuvs  iiiul  Itends  were  all  riiste<l  bv  sal 
ii;ii\aml  iilso  the  4-inoh  straitrht  pipe  which  was  coupled  v 
l-inch  Wilds;  but  the  3-iuoh  [>i[>e  was  new  and  galvauizet 

■  .V.  W.  HrighUuore.  Prw.  I<tft,  -f  Ciril  Eiign..  VSL  1S9.  pp.  31o  r 
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Ion  due  to  the  bend  vas  fonnd  not  to  take  place  entirely  in  the 
bend,  bat  also  in  the  strught  pipe  following.  A  length  of 
■tniglit  pipe  S|  feet  long  for  the  8-inch,  and  5  feet,  or  6  feet 
7}  inohei  for  the  4-inob,  was,  therefore,  included  vith  the  bend 
b  meararing  the  lose  of  head.  Prom  the  Iobb  of  head  in  these 
gombiiied  bent  and  etnught  pieces,  the  friotion  head  for  an  equal 
lotgtli  of  straight  pipe  was  subtracted,  giving  the  Ims  of  head  due 
to  the  bend.  The  following  values  were  scaled  from  carves  given 
bf  Bri^tmore : 

TABLE  XLVn 


ExcBsa  LoM  or  Head 

m  Fkkt, 

DDK  TO  ClTRVRS 

Vttoo. 

mn 

Suow 

^» 

J-« 

i-' 

i-' 

£-» 

i  =  .4 

t 

.140 

.oaer 

.05 

.05 

.05 

.026 

.01ti7 

.«0 

.187 

.126 

.142 

.125 

.075 

.0500 

.OfiO 

.SIT 

.213 

.276 

.242 

.142 

.0917 

Unn 

1.838 

.942 

.476 

.08 

.66 

.283 

.217 

.lOT 

.06Q7 

.0417 

.090 

.0883 

.0260 

.488 

.158 

.108 

.133 

.108 

.0883 

.025 

.875 

.817 

.250 

.208 

.187 

1.8Si 

.600 

.468 

.500 

.468 

.858 

'T?.  LoMM  ia  gates  and 
*"!*«.  The  following  in. 
fontntion  M  to  losses  of 
°**d  doe  to  gates  and 
'■1*61,  though  far  from 
ooaiplete,  ia  the  best  ob- 
*^bte.     See  figure  124. 

*i»  lost  head  in  gates 
*^  valves  may  be   ex- 

*liere  f,- factor  for  the 
^'^    tluttogh   gates    and 


Fio.  !». — Uate  Valve. 
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G«  a   are   coiistructeJ    in   sudi    a   nianuer   that  ■ 

entii  tlie  water  way  is  of  the  same  section  as  the  piji^^- 

Usuai  are   irregularities  ami  roughness  (luu   to  tlie  se  *" 

tings,  any  case  tlie  recess  for  the  gate  will  lireak  up  tip  * 

uniri>r""fv  How. 

Wi'  ubbell.  and  Fenkell  found  the  resistance  of  a  wide-- 
open jate  equal  to  abuut  .Dlll'S  x  .'M  =  ,0656  feet. 


TABLE   XLViri 


Let  D  =  the  diftri 


icii  the  gate  U  raised  ; 


TS    OS 

A    24-1 N. 

CH  Gate  Val 

fl 

t 

i            I 

6-33 

8,83 

U.8         2-2,7 

Cock  valves.     Weisbach's  experiments  on  cock  valves  in  small 
pipes. 


I.  l:i5o.  — Cwk  Vnlve,  Fio.  125  t.  — Tliroltle  Val 

Let  S  =  angl«  through  which  cock  is  turned,     Sec  figure  125  a. 


f,    .05      .20      l.B      .1.5       IT        31        53      lOa      20i5      486 

Throttle  valves.     WL'iabach's  experiments  on  throttle  valves  in 
ninll  pipes. 
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Let  8  =  angle  through  which  valve  is  turned.    See  figure  125  b. 


S 


A       '' 
(,      .24 


IQT  20°  30° 
.83  .66  .50 
.52        1.5      3.9 


40°  45' 
.36  .29 
11        19 


50° 
.23 
33 


55° 
.18 
59 


60° 
.13 

118 


65° 
.09 
256 


70^ 

.06 

751 


Pipe  Computations 

The  following  are  given  to  illustrate  the  application  of  the 
formulas  of  the  flow  in  pipes  to  certain  common  problems. 

378.  A  straight  pipe  leading  from  a  reservoir  and  discharging 
freely  into  air,  or  discharging  into  another  reservoir.  See  figures 
126  a  and  b. 

The  losses  are  similar  in  both  cases,  namely,  the  head  lost  in 
entrance  (A^)and  the  friction  head  (A^). 

1 


Fia.  126  a. 


Fio.  1%  6 


By  Bernoulli's  theorem,  stating  tbe  factors  in  terms  of  — 
rhe  total  head,  ^ 


S+£^=  ^''  ■  -   ^' 


1      2^ 


+  f. 


2^ 


D2g      7 


^=^ri4-f„-H/|). 


2^V 
F=  8.02 


(37) 


(38) 


H 


1  +  fo  +/ 


D 


\ 


e  =  6.3i)2 


H 


1  +  f  „  +/| 


i 


(23)  (39) 


See  §  347.  (40) 


2)=.479(tIl±M»±.?^l«?) 


i 


(41) 


JSxample.  Oiven:  a  straight  new  clean  cast-iron  pipe  1  foot  in 
liameter,  1000  feet  long,  with  square-edged  entrance.  Use  Darcy's 
rictibn  factors,  Table  L. 
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r  -  •'^Q--'  - 

"     12.506 
f„=  .5  (§  3151)  ;  f,  when  ^  is  .25  =  .41  (see  Table  XI. 

f,  when  j»-^  is  ^=1.56  (see  §  362). 

Krooi  the  table  of  heads  due  to  velocities 

-^'  =  0.25;    ^^=3.98;   li  =  0.78. 
'<l  2jf  2y 

Then 
;/=  .13  +  .25  +  2.53  +  1.63  +  3.73  +  82.39  +  1.22  -  3.20  +  10.« 
=  0y.34feet. 

If  gradual  reducers  and  enlargers  are  used  as  tfaej  should  b 
and  if  the  head  lost  at  entrance  and  the  velocity  head  may  I 
neglected,  the  total  head  may  be  said  to  be  used  in  friction  hea 
in  which  case  it  may  be  said  that 

^=fo7^^  +/i  J^l^  +A  kr^  =  95-58 ; 

"J'o-.iff  A-?  ^3'!f 

the  total  head  would  be  95.58  instead  of  99.34. 
Substituting  in  the  preceding  equation, 

the  following  formulas  for  the  total  head  and  the  discharge  e 
derived : 

The  towl  head,  £-=  IJ^/,  A +/,  A +/,  A),      (i 

I                H  l' 

The  discharge,  ^  =  6.3  I  — = = =-      ■      O 

These  last  two  formulas  may  be  extended  to  any  number  of  c 


380.    A  pipe  line  with  two  (or  more*)  branches  connecting  4 
VMMvoir  «ith  other  reservoirs  each  of  which  is  at  a  different  t 
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vation  (see  figure   128)  becomes  a  complicated  problem  which 
may  be  solved  only  by  successive  trials. 

Let  0  be  the  supply  reservoir,  and  1  and  2  be  the  reservoirs 
into  which  the  water  is  to  flow ;  and  at  any  instant  let  A^,  Aj,  and 
h^  be  the  elevations  of  the  water  surfaces  in  the  three  reservoirs, 


Fig.  128.  —Branching  Pipe  Lines- 

and  hj,  be  the  elevation  of  the  water  in  a  piezometer  (P)  at  the 

junction  of  the  two  branches.     If  all  pipes  are  flowing  full,  and 

the  two  branches  are  steadily  discharging  into  1  and  ^,  hp  can 

have  at  any  instant  only  one  value  that  will  satisfy  the  required 

conditions,  which  are : 

that(?,=  (?,-h(?2; 

^hat  hf^  shall  equal /^    Q    Q  ,  and  also  equal  Aq  —  A^; 

^hat  hf^  shall  equal /^  ^    ^  ,  and  also  equal  Ap  —  A^ ; 

^^at  hf^  shall  equal /j  -j^-^'>  and  also  equal  A^  —  A^. 

Such  problems  maj''  involve  either  finding  the  discharges  Q^,  Q^^ 
*^^  Q^  or  the  diameters  2>q,  Dj,  and  D^ ;  in  either  case  the  pro- 
cedure is  to  find  by  trial  the  elevation  Ap  which  shall  satisfy  the 
above  conditions.     This  process,  though  tedious,  may  be  simpli- 
fi^  by  the  aid  of  discharge  tables. 

Example.  A^  =  200  feet ;  Aj  =*  155  feet ;  A^  =  143  feet.  Dq  =  4 
feet;  Dj  =  2.5  feet ;  i>2  =  3  feet.  L^  =  10,000  feet ;  Xj  =  5000 
feet;  Z^  =  8000  feet.  The  discharge  in  each  pipe  is  to  be  deter- 
mined. By  trial  it  will  be  found  that  if  Ap  =  175  feet,  Q^  =  27.5, 
(^2^48.4,  and  Q^  =  70.9  cubic  feet  per  second ;  and  all  the  other 
factors  will  agree. 
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If  for  any  case  the  given  conditions  are  essential,  an  t 
reservoir  must  be  constructed  at  P,  having;  sufficient  capu' 
allow  Quotations  without  changing  the  elevation  of  the 
surface  at  the  junction.  A  slight  change  in  conditions 
reverse  the  flow  from  J  to  2. 

381.  Compound  pipes.  Systems  of  pipes  which  branch 
point  and  reunite  at  another,  forming  several  routes  by  whi 
water  may  be  delivered  not  only  to  scattered  consumers,  bi 
by  which  in  case  of  a  break  in  one  line  users  may  be  suppi 
the  other  lines,  are  now  considered  essential  in  water  supp 
tems,  especially  if  tbey  are  to  afford  suitable  fire  protection. 


Let  it  be  assumed  that  piezometers  are  set  at  A  and  B  I 
12^;  then  during  flow  the  total  head  ff  equals  the  diffa 
water  levels  between  the  two  piezometers. 

Assuming  that  all  the  bend  (ff  )is  used  in  friction,  thel 
through  each  pipe  will  be  computed  as  through  a 


The  total  discharge  through  theinain.  5„=8.S'2  +  1"J 
16.83.     If.  on  the  other  hand,  the  lulal  dischargL-  (^M 
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head  at  A^  the  discharge  of  each  individual  pipe,  and  the  head  at 
B  may  be  computed  by  trial  by  assuming  various  values  of  the 
friction  head  until  the  sum  computed  for  the  assumed  head, 
^1+^2+ ^8^  equals  ^o- 

A  method  suggested  by  Freeman  provides  a  convenient  solution 
for  this  class  of  problems.  Assuming  all  the  head  is  to  be  used  in 
friction,  and  that  the  friction  factor  may  be  taken  as  constant  for 
all  velocities,  the  procedure  is  as  follows : 

Take  values  of  the  heads  required  to  discharge  various  volumes 
through  each  line,  and  for  each  line  draw  a  discharge  curve  with 
heads  in  feet  or  pounds  per  square  inch  as  ordinates  against  dis- 
charge in  any  convenient  units  as  abscissas  all  on  the  same  sheet. 
It  is  not  essential  that  each  line  of  pipe  shall  be  of  uniform  diame- 
ter; it  may  be  composed  of  any  number  of  different  diameters. 
At  a  series  of  convenient  ordinates  take  off  an  abscissa  from  each 
curve,  add  the  abscissas  of  each  curve  at  any  point,  the  sum  will 
^  the  abscissa  for  the  given  ordinate  for  a  discharge  curve  for  the 
combined  system.  In  this  manner  the  combined  discharge  curve 
'^aj  be  constructed.     Take,  for  example, 


G. 

« 

Line  1 

Line  2 

Line  3 

V 

V 

V 

500 

3.35 

.15 

^                  .12 

1000 

13.50 

.60 

.48 

2000 

53.05 

2.43 

1.92 

8000 

121.40 

6.49 

4.38 

4000 

9.75 

7.80 

5000 

15.24 

12.18 

6000 

21.93 

17.52 

7000 

29.88 

23.83 

8000 

31.08 

The  plotted  curves  are  shown  in  figure  130.     G  =  gallons  per 
minute. 

From  the  combined  curve  it  appears  that  if  A/  =  30  feet,  the  total 

dwcharge  is  16,860  G. ;  if  A^=10  feet,  the  discharge  is  9400  G. 

I^  on  the  other  hand,  the  discharge  be  12,000  G.  the  head  neces- 

tuy  between  A  and  B  is  16.3  feet. 

By  the  aid  of  discharge  tables  such  as  Weston's  or  Williams  and 
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Hazen'a  such  curves  may  be  rapidly  coiistr acted,  and  will  gre 
reJute  the  labor  of  planninfr  intrieiite  pipe  layouts. 

^^ 

0 

t 

1 

P 
P 
ai 

P- 

Bt 
0 

Ally  waterworks  problem  wliiph  requires  that  the  tooHl 
head  be  known  will  probably  be  approached  from  thestandp 
new  pipes;  but  the  design  must  provide  for  additional  li 

n  account  of  the  reduction  in  carrying  capacity  due  to  age. 

Idition  to  the  head  lost  under  the  most  severe  requirem 

ere  must  always  remain  sufficient  head  to  maintain  the  pres 

quired  for  sprinklers  and  hydrants. 

TABr.K  XMX 
Pipe  Experimkmts 

ABLE   OF    ExPEttlXENTAL    VALUES   OV    f   IJ,    THE    FoRMniA    l' =  C(R 
ASD  OF  E\PKKIMKNTAI.  VaJ-LES  OF  FrICTIOW  UKAIi  ( //  )  FOB  llXtO  Fl 

For  small  brass  and  galvanized  pipes  Saph  and  Schoder' 
Brimenta  are  given.      Many  other  goiHl  experiments"  on  s 

pea  have  been  made,  but  the  list  is  too  large  to  be  reprodu 
id  Saph  and  Schoder's  are  the  most  consistent  and  accurate. 

The  table  contains  a  large  portion  of  the  available  reliabl 
ariments  on  east-iron,  riveted  steel  and  sheet-iron,  mid  wo 
«ve  pipes,  of  greater  diameter  tlian  three  inches.  They  ai 
■trying  degrees  of  accuracy,  especially  the  rusty  and  tubercul 
d  pipes. 

The  data  upon  wliicli  the  results  given  are  based  have 
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taken  from  original  sources,  a  few  exceptions  noted.  The  table 
has  been  computed  by  a  method  which  was  suggested*  some  years 
ago  by    Professor    Osborne    Reynold,    namely,    by   logarithmic 

hmoloffues. 
The  rdatfam  between  slope  and  velocity  may  for  a  constant 

hydraulic  radius  be  expressed  as  follows: 

S^mT".  (44) 

m!  =s  an  experimental  coefficient. 
n  ss  an  experimental  exponent, 
m'  and  n  will  be  constant  for  a  given  pipe  if  the  condition  and 
nature  of  the  interior  surface  do  not  change. 
If  the  friction  head  for  a  given  length  be  expressed  by  J3^  then 

The  length  used  as  a  basis  of  comparison  in  this  table  is  1000 
feet;  calling  I/w! ^  m. 

Then  H^,  the  friction  head  for  1000  feet  =  m  V^.  (45) 

From  curves  drawn  through  points  plotted  on  logarithmic  paper, 
with  experimental  values  of  V  as  abscissas,  and  of  Hf  as  ordi- 
nates,  and  representing  the  variation  of  Hj  with  V^  m  and  n  may 
^)e  determined  graphically;  tw  being  the  value  of  5^  when  Fis  1 
foot  per  second,  n  l>eing  the  tangent  of  the  angle  which  the  curve 
(which  for  ordinary  velocities  should  be  a  straight  line)  makes 
with  the  horizontal. 

w  and  n  may  be  computed  from  the  logs  of  the  experimental 
values  of  JT^and  V^  as  follows:  Divide  the  sum  of  the  logs  of  all 
tlie  values  of  Hf  by  the  number  of  observations  ;  likewise  the  sum 
•^f  all  the  logs  of  V\  the  results  are  the  logs  of  the  two  coordi- 
lutes  of  the  center  of  gravity  of  plotted  points.     The  center  of 
gravity  of  the  two  groups  above  and  below  this  point  may  be  de- 
termined in  a  similar  manner;   thus  giving  three  points  which 
sliould  he  in  a  straight  line  which  fixes  the  curve  desired. 
I-^t  the  coordinates  of  these  three  points  be,  of  the  lower  H/ 
.  and  r ;  of  the  middle  ff/  and  V" ;  of  the  upper  ff/'  and  V". 

n.r^  ^  ^  log  ^/  -  log  ^;  ,,  _  log  ff/"  -  log  ffr" 
log  F"  -  log  V  log  r"  -  log  V" 

log  r"'  -  log  v  ^   ^ 


«(log  V) 
The  values  of  C  to 


If  n  is  determiued,  m  mny  be  computed; 


Log  m  = 


» (log  r") 

3  used  in  the  Chezy  formula 
F-  0(-RS)l 
may  be  found  from  m  and  n  as  foUowa : 
g, 
'  1000' 


Here 


JS  =  ^,  «  = 


ind  B,-mV. 


Then 


Log  e- J  [log  4000 +(2- 
Values  of  C  given  in  this  table 


g  r-logi>  — logm]. 
)  thus  determined. 


(*S) 


For  each  pipe,  experimental  va  iiea  of  mean  velocity  wert 
plotted  on  logarithmic  square<  ■  against  experimental  valuta 

of  friction  head  in  feet  for  .  .  et   of  pipe.     Through  these 

points  lines  were  drawn  which,  as  nearly  as  could  be  eat.imat«<l- 
represented  the  relation  between  velocity  and  friction  head.  By 
this  trial  curve  it  was  possible  to  estimate  very  closely  whether  a 
set  of  experiments  was  consistent,  and  which  observations,  if  aoji 
were  sufficiently  discordant  to  be  rejected.  Very  few  result* 
except  discordant  data  for  velocities  less  thau  one  foot  per  secoK*^ 
were  omitted. 

Values  of  m  and  n  were  then  computed  from  the  logs  of  the  e*" 
periniental  values  of  5^  and  V,  If  there  were  a  sufficient  number  **■ 
fix  a  curve ;  in  a  very  few  discordant  sets  scaled  values  are  givei'' 
Certain  experimenters  themselves  have  determined  ra  and  n  C" 
equivalents ;  in  such  cases  their  values  have  been  used,  and  aJO 
marked  with  an  asterisk  (•). 

Values  C  and  H/  liere  given  have  all  been  newly  recomputed; 
by  the  exponential  formula,  wherever  values  of  m  and  n  are  given. 

Cand  ff^  were  independently  computed  from  the  given  data; 
not  one  from  the  other.  If  no  calibrated  diameter  was  determined 
by  the  experimenter,  the  nominal  diameter  was  used  in  cal- 
culation. 

The  results  are  pat  dowu  to  the  third  significant  figure,  or  to 
tlie  nearest  .unit. 
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Limits  of  velocity  in  the  original  experiments  are  indicated  in 
'J3,e  table.  If  experiments  were  made  at  velocities  of  one  foot  or 
ess,  tlie  table  begins  with  one  foot ;  otherwise  it  begins  at  the 
.owest  velocity;  and  it  ends  with  the  highest  velocity  of  the 
>i'iginal  experiments.     A  few  exceptions  are  noted. 

The  heading  of  each  set  of  experiments  indicates  briefly :  the 

Qominal  or  actual  diameter  in  inches,  and  if  determined,  the  actual 

diameter  in  feet ;  values  of  m  and  n  in  the  formula  Sy^mV^ ; 

ihe  age  in  service  ;  the  kind  of  coating  ;  condition  of  the  surface 

at  the  time  of  the  experiments;   length  between  piezometers, 

which  was  straight  unless  noted ;  the  kind  of  joints  ("  B.  and  S." 

meaning  modern  bell  and  spigot);  the  method  of  determining  the 

discharge  ;  and  the  source  from  which  the  information  here  given 

was  obtained. 

Velocities  are,  or  are  assumed  to  be,  higher  than  the  critical 
velocity. 

Abbreviations 

A.S.C.H.  means  ^^Transactions  of  the   American  Society  of 
Civil  Engineers." 

A.E.S.   means  ^^  Journal   of  the  Association  of  Engineering 
Societies.'* 

N.E.  W.  W.   means  "Journal  of   the  New   England   Water- 
works Association." 

It.E.  means  Darcy's  "Recherches  Exp^rimentales  Relatives  au 
Mouvement  de  TEau  dans  les  Tuyaux,"  1857. 

Asterisk  (*)  means  values  given  in  original  experiments. 

XoTE. — It  is  worth  recording,  as  corroborating  the  experience  of  others  who 

lutve  made  a  similar  study  of  pipe  experiments,  that  the  prevailing  weak  point 

ia  the  majority  of  the  experiments  here  given  was  not  in  the  accuracy  of 

measuring  the  volume  of  flow,  but  in  the  measurements  of  the  heads,  due  chiefly 

to  faulty  piezometers  or  piezometric  couplings. 


ai8                                             HYDIL-VULICS 

^ 

SMALL 

BSASS   PIPES 

0  lo  5"   feet,  preceded  and  followed 

Htraight  pieca ;  special  sL-rew  piezo 

■netric  coapling8.    Measurement  by  we- 

Temperature.  40°  F. 

S.,pl,  ^.  Hchoiler ;  A.S.  C.  E.  1B04,  Vol.  51,  p.  253  et  seq. 

Tbe  range  of  Tclocities  here  given   indicites  the  h^hest  velocitir  for  « 

experiment,  and  appraximiLtely  the  lowest  velocity  lo  which  the  given  t^ 

of  m  Biitl  n,  which  are  Saph  §-  Sehoder't  valued,  apply. 

Lower  velocities  were  included  ir 

the  eiperimenta,  but  are  for  the  most  I 

in  the  region  of,  or  lower  than,  the 

critical  velocity. 

II  -=  ACTDAI, 
inAMETKft 

Veiacitt  n  FscT  rvn  Smoko 

IN  Feet 

» 

■ 

a 

* 

» 

• 

■ 

10 
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D-.atfm 

c 

74 

76 
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83 
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89 
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92 
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81 

m 
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80 

91 

95 
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Bf 
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4445    * 

"                 K-.nii;« 

C 

75 

80 

83 

8.T 

87 

91 

94 

96 

z:^A 

«/ 
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8«7 
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D..^r 

c 

70 

77 

81 

34 

S7 

69 

92 
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zzni. 
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D~-inm 

c 
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82 

86 

88 

90 

93 

96        98      , 

•Ii*;'! 

H, 
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9S.3 

199 
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4S4 

am 
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"-lit 

C 

7.3 

80 

84 

87 

90 

82 

95 

98 

101      J 

ff/ 

24.2 

80.8 
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1330 

191  »^ 

C-,MU» 

C 

74    '    81 

85 

88    '    91 

93 

96 

99 

la^i 

ll-i;-:!i 

«/ 

17.4     81.3 
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199      294 

404 

672 

894 

2ato 

Ih'Maii 

r 

75       83 

88 

92       95 

97 
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lOn 
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"-'Me 

Bf 

13.4     44.0 

88.7 

145     212 

290      475 

OUT 

874     ' 

D-.l»^\ 

r       82    j    89 

M 

98     mi 

103  ,   107 

no 

112     J 

1IIl.T»- 

H^      8.8      29.4 

511.4 

07.9     144  '  1»S     327 

481 

6U 

n-isTso 

r     8.1  1  00 

95 

99       101   ;   103      107 

108  I 

ZIl.TM 

H,  \  as      22.3  1  45.4 

75.2      111      153      254 

2«8  1 

JD-.IUSII 

C  ;    M       92       97 

101      104      lOfl 

100  i 

"Z^.-u 

Hf  ,  6.4fi     18.3  1  37.n 

61.2     90.3      124 

170 

P-.\im 

C       67       9.1      KKl 

tOl      106      ion      113 
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«iM» 

n,     4j20  1   I4J2     28.9 

47.7     70.7     97.5      162 

ma 

/>-.!;« 
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107      110 
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"r!S 

Ih 
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n.4fl 

19.3 

.11  9 

4T.1 
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Jlnoh 
X02917  foot 

wi  =  35.2  * 
fi  =  1.961  » 


LAP-WSLDED  ST££L  AND  WROUGHT-IRON  PIPES 

New ;  galvanized ;   clean ;    10.064  feet ;   screw ;  by  weight ; 
Saph  ^  Schodevy  1903;  A.  S.  C,  E,  51,  p.  253  et  seq. 

r      1.3        2         3        4         5  6  8  '      10        11.4 

C        63       63       64      64       64        65         65         65         65 
Hf     58.9     137     304     534     827     1182     2077     3218     4160 


{Inch 
O.0405  foot 

m  =  18.1  * 
n  =  1.91  * 

ilnoh 
I.05217  foot 

m  =  13.2  » 
n  =  1.863  * 

{Icoh 
>.O7063  foot 

m  =  9.05  * 
n  =  1.802  * 


Ilndi 
0.OG683  foot 

m  =  8.2  * 
n  =  1.931  * 

2  Inches 
01719  foot 

TO  =  2.4  ♦ 
n  =  1.85* 

2  Inches 
0J7225  foot 


111  =  3.15* 
II  =  1.98  ♦ 


New ;  galvanized ;  clean ;  17.032  feet ;  screw ;  by  weight ; 
Saph  i"  Schoder,  1903 ;  A,S,C,E.  51,  p.  253  et  seq. 

F       1.7        2        3        4        5         6  8  10       10.8 

C       76       76       78      79      79       80         81         82        82 
Hf     49.9    68.0     148     256     392     5^5       961      1471     1705 

New;  galvanized;  clean;  18.119  feet;  screw;  by  weight; 
Saph  jr  Schoder,  1903 ;  A.S.C.E,  51,  p.  253  et  seq. 

V  2.5       3        4        5        6  8  10       12.8 
C                  81       82       84       85       86         88         89         91 
Hf                72.8    102     176     265     372       635       963     1525 

New;  galvanized;  clean;  17.496  feet;  screw;  by  weight; 
Saph  Sr  Schoder,  1903 ;  A.S.C.E.  51,  p.  253  et  seq. 

V  2.6       3         4         5         6  8  10        11.4 
C                  87       88       91       93       94         97         99        101 
Hf                50.6    65.5     110     165     229       384       574  *   726 

New;  galvanized;  clean;  18.751  feet;  screw;  by  weight; 
Saph  Sr  Schoder,  1903;  A.S.C.  E.  51,  p.  253  et  seq. 

V  2.8       3         4         5         6  8  10        10.1 
C                  78       78       79       79       80         81          81         81 
Hf                59.9    68.4     119     184     261        455       700      713 

New ;  uncoated ;  clean ;  62  feet ;  screw ;  by  volume ;  G.  J. 
Davis,  Jr.,  1908 ;  A.S.C.E.  62,  p.  97  et  seq. 

K        1.5       2         3         4         5         6  8  10       14.7 

C       102      104     107     109     111     113        115        117      121 
Hf      5.08    8.65     18.3    31.2    47.1    66.0       113        170      347 

Old;  wrought  iron;  uncoated;  rusted;  12.26  feet;  screw; 
by  volume ;  Schoder  §•  Gehring,  1904-1908 ;  Enff.  Record^  58, 
p.  241. 

T'         1         2         3        4         5         6 

C        86       86        87      87       87       87 


H,      3.15    12.4    27.7    49.0    76.3     109 


8 

88 
193 


10  Limits 
8^  of  V  not 
301  stated 


HYDRAULICS 


LAP-WELDED   STEEL   ASD   WEODGBT-IROn   PIPES  —  (.'e 
3  Inohe*      \       Old;  i%rought  iron;  uitcoiiCed;  rusted;  19.97  feet 
volume ;  Schoder  ^  (Jehring,  lUl)4-ltK)8 ;  Eng.  Hecon 


Old ;  wrought  iron ;  uncoated ;  rusted ;  22.15  feel 
volume ;  Schoder  j-  Gearing,  1901-1608 ;  Eng.  Recor. 


GInobM 
0.50625  foot 


C       100     102     103     103     IM 
H,      1.18    i,m    lOl     17.6    27.2 


105     1 
flS.l     1 


Old  :  wrought  iron ;  uncoated ;  rusted ;  48.04  feet 
volume ;  Sehodtr  ff  Gehrmg,  ISOl-lOOS ;  Eng.  Recon 


r  08  101  103  104  105  106  107  1 
///      0.9B    3.72    S.07     H.O    21.4    30.3    52.5    6 

Old ;  wrought  iron ;  uncoated,  but  glazed  by  a 
pipe;  46.1  feet;  flange;  by  volume;  Schoder  (f  Gti 
1908;  Eng.  Record,  58,  p.  2il. 


m  =  1.87 
n  =  1.98 


CAST-IBOIT  PIPES 
Old;  uncoated;  with  deposits;  328.1  feet;  ftocl 
ime ;  Darcy,  1850 ;  R.  £.,  Series  14,  pp.  12  and  50. 


Hf      3.56    13.5    29.3    43.9 
Old;  uncoated;  cleaned;  328.1  feet;  socket;  by  i 
preceding  pipe  after  cleaning;  Darci),  1850;  R,£ 
pp.  12  and  56. 


///      1.87    7.38     16.5    23.1     45.3 
Hew;    uncoateil ;    clean;    328.1    feet;    socket; 
Darcj/,  1850;  R.  K.,  Series  16,  pp.  12  and  56. 
K         1         2         3         4         5         6         8 
C        90       93       ar,       97       m       90      100 

H,      1.83    6.83     U.8    25.5    39.0    55.1     95.1 
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5}}Iiiolies 
aMMfoot 

m  =  0.849 
11=  IM 


«=  1.07 


6Ziio]iM 


6XaoliM 


0.6168  loot 

'»  =  0.(J23 
»  =  1.95 


^Inohet 
<^«67afoot 

«  =  U1» 

^Inches 
^^^foot 

•^0.904 


CAST-IRON  VIPES^  Continued 

New;  uncoated;  clean;  328.1  feet;  socket;  by  volume; 
Darc^y  1850 ;  R.  E.,  Series  17,  pp.  12  and  58. 

V  1234668  10  15.4 
C  102  106  108  109  110  111  112  114  116 
Hf       0.849   3.19    6.92    12.0    18.4    26.0    45.1      69.0      157 

4  years ;  coal  tar;  unknown ;  1170  feet ;  B,^S. ;  by  nozzle ; 
E.  B.  Weston,  1876-1877;  A.S.C,  E.  22,  p.  18. 

V  4.7        5         6         8        9.3 
C  99       99      101     103      105 

Hf  18.2    20.3    28.4    48.1     63.4 

88  yearn;  uncoated ;  with  tubercles  |  inch  to  1}  inches  thick ; 
service  pipe  in  street ;  B,  Sf  S, ;  by  Deacon  meter ;  Brackett^ 
1887 ;  N.  E.  W.  W.  13,  p.  343. 


V 

0.38    0.57 

0.95 

1.13 

1.32 

1.51 

1.70 

c 

30       32 

32 

27 

27 

27 

26 

Bf 

1.30    2.50 

6.90 

14.4 

19.2 

25.4 

33.8 

I 


Same  pipe  as  preceding,  after  it  was  cleaned  by  scraping , 
Brackett;  N.  E.  W.  W.  13,  p.  344. 

V  0.76    0.95    1.13  1.51     1.70  2.08      2.46 
C                   42       69       83                 69       74       73         72 

Hf  2.70    1.50    1.50  3.80    4.20  6.50      9.40 

New;  uncoated;  clean;  328.1  feet;  socket;  by  volume; 
Darcy,  1850;  R.  E.,  Series  18,  pp.  12  and  58. 

V  1234568  10  16 
C  102  101  105  106  106  107  107  108  109 
H/      0.623    2.41    5.31     9.30    14.4    20.5    35.9  55.5      139 

8  years ;  asphalt ;  not  stated ;  105  feet ;  B.  Sf  S, ;  by  Venturi 
meter;  E.  W.  Schoder,  1907;  A.S.C.E.  62,  pp.  67-96;  and 
Eng.  Record,  58,  p.  241. 

7  12         3         4 

C         101     104     106     107 

Hf       0.59    2.22    4.81    8.33 

Old ;  uncoated ;  with  deposits ;  328.1  feet ;  flange ;  by  volume ; 
Darcyj  1850;  R.  E,y  Series  19,  pp.  12  and  58. 

V  1234568        10       12.6 
C          76       75       76       75       75       75       75       75        75 
Hf      0.904   3.69    8.05    14.3    22.2    32.0    56.7  88.4      140 


•-u» 

e 

Iff 

umtum 

m 

mm»Mt 

r 
e 

U/ffMhM 


MM   U>    CV    ft*    lU 


su  aj    ut 


•i/Wep,US»;CC« 


■a.i9^&Sa^% 


US     Ht     Mi       «•     Mt     Mt      N«      KM      m 

MM    1J«    I4»  I  .15    tiM    I^T    »J    r^J 

Wrm-.  oHl  tar;  dna;  nriM*  I«fflM.  atnuftt:   &|rS.; 

r       I      2     a      I      5 

C         109     110     116       IS      \SL 
fl>      ejMB    lJt3    2.71       M    eA 

Paw ;  Mfthalt ;  cloa  ^  ■  xMt  3  nik 


<:  »I       M      108      103 

///       1.21     1,77    3.40    %m 

OU;  imkifiwn;  unknown;  8180  feet,  tax.  bends;   B.^&: 
unkiiown ;   Thim<a  Oancan ;  Proc.  IomL  C.  E,,  1852,  p.  499. 


10      0,4a   2.11    a.ns 

HaW)  cuaI  Ur;  i^knii;    vuriouH  tenglhs,  straight:    B.  Sr  S.; 

'il.,1.  lul«s  WmiamiJIiAbcU,^  Fmkdi.  1888-1  Sol  ;  A.S.C.S. 


llll      IJtl     1L>1I      i;w     l* 
0.2 1 1   0.7(17    l.n;!    2.7S    4.2 


n»w:  variiii'li;  fli-Aii ;  4)  toll  miles,  withe&sy  bends:  B.leS.: 
IV  vtiUiiii.-:  /,.i.ri/»-.  Lsilli   1.-171 :  //.  i'.,  Jr..  HydraHlict.  pp.  2S3- 


0,(ii'li   »i,l>ll     l,!i 
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16  Inches 

m  =  0.342 
n  =  2.10 


191i  Inches 
1.64M  feet 

«  =  0.229 
n  =  1.82 


ao  Inches 


28  Inches 


30  Inches 
2*97  feet 

»»  =  0.1125* 
n=1.93  * 


^Inches 


32  Inches 


36  Inches 
3.041  feet 


CAST-IRON  PIPES  —  Continued 

18  years;  coal  tar;  tubeTCulated;  13,350  feet,  four  curves,  three 
gates ;  B.SrS. ;  by  pumps ;  Forbes,  1891 ;  N,  E.  W.  W,  6,  p.  164. 

F  1  2 

C  94         90 

Hf       0.342     1.47 

New;  uncoated;  clean;  328.1  feet;  socket;  by  volume; 
Dixrcy,  1850 ;  R.  E.,  Series  22,  pp.  12  and  58. 

r         1.4         2  3        3.7 

C         106       110       114     116 
Hf      0.422     0.808     1.69    2.48 

1  to  5  years ;  coal  tar ;  not  tuberculated ;  75,000  feet ;  align- 
ment very  irregular ;  B.  ff  S. ;  by  pumps ;  Brush,  1882-1887 ; 
A.S.C.  E,  19,  p.  92. 

V  2  3 

C  115       110 


H, 


0.729     1.80 


New;  coated;  clean;  2006  feet,  2  curves;  B,{fS,;  by  weir; 
/.  W.  Smith,  1894 ,  A.  S.  C.  E.  36,  p.  203. 

V  =  7.51 ;  C  =  123 ;  Hf=z  6.34. 

New ;  coal  tar ;  clean ;  various  lengths,  straight ;  B.  Sf  S. ; 
Pitot  tube ;  Williams,  Hubbell,  §•  Fenhell,  1898-1901 ;  A.  S,  C.  E. 
47,  pp.  187-188. 

F  1  2  3 

C         119       122       124 
Hf       0.113     0.429     0.937 

Coal  tar ;  5740  feet,  several  curves ;  B.  $•  S. ;  by  weir ;   C,  W, 
Sherman,  Report  Water  Commissioner,  Boston,  1898,  p.  123. 
1  year  old,  C=  111.     10  years  old,  V=  from  0.75  to  1.5,  C  =  103. 

New;  coated;  clean;  21»460  and  9613  feet,  with  17  curves; 
B,  ir  S-;  by  weir;  /.  W.  Smith,  1894  ;  A.  S.  C.  E,  36,  p.  203. 

V  =  5.75 ;         C  =  126 ;        Hf  =  3.10 

Asphalt;  about  1000  feet,  with  curves;  B.  Sf  S.:  by  use  of 
water  in  a  reservoir;  Kuichling,  1895-1899 ;  A.  S.  C.  E.  44,  p.  56. 

Age,  years  1.28  1.30  3.06  3.37  3.91  4.47  5.04  5.:{4 

V             4.20  4.24  4.13  4.02  4.03  4.03  4.08  4.0vS 

C              129  125        99         60         70         75  80  82 

Hf            1.39  1.51  2.28  4.85  4.34  3.76  3.45  3.2^ 

In  September,  1898,  when  the  pipe  was  about  4.2  years  old, 
it  was  entered  and  examined ;  extensive  organic  growths  were 
found  on  the  top  and  sides,  the  lower  part  was  considerably 
tuberculated. 


o.tm  0.09B  osii  : 

f  tU-Uiw  the  limila  of  experiments. 

ITywrt;  A iigu«  Smith  coating;  tubercolated :  1747  f.^ 
w"iri  MtinK  pipe  >tH  theonepreoeding  15yeftrs  liit<>r:  Fii:ifi 
I«l»)-l«t5;  A..*i.C.E.3.%p.2ilel*eq.     See  belgw. 


U,       (UtHH      QMtl    0,8la      1.12 

ITycao;  Angus  Smith  coating;  tubercuJated i  1747  fe^t 
wilr;  R  pipe  kid  pamllel  to  the  last,  simitar  in  every  " 
l-'iUffi'ral'l.  lB0i-18Bri;  ,4.  S.  C.  £.  35,  p.  241  el  itq. 


<■  lln        no        109        lOfl        109        109       109 

llf       0,082     0.;W3     0.7rii       1.03       1.35      2.12      2.8fl 

IT  ytti;  Allans  Smith  coating;  cleaned;  1747  feet:  hj- 
nniiie  (lipii  M  SU^arnx's  4S-inph  afl^r  cleaning ;  see  abore. 
grrald.  INKS;  A.S.  C.  E.  i^.  p.  241  el  xq. 


:.7.i  o.:;iB    ivifiti 
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tt  InohM 


a|InohM 

M  =  0.04655 
n  =  1.W6 

60  InohM 

«  =  0.082* 
n  =  2.1» 


^Inohaa 
<>-2502  foot 

»•  =  2.49 
«  =  1.89 

^XbohM 

^  «ri  foot 


n 


1.565 
1.80 


^•^^03  foot 

"*  ==1.34* 
'^  ^1.85« 


^  Inches 
0-*953  foot 

«»=0.80« 
n  =  L85* 


CAST-IRON  PIPES  —  Cona'ntiecf 

8  yatn ;  Angus  Smith  coating ;  partly  tnberculated ;  14,124 
feet>  with  curves;  B.  Sf  S.;  by  weir;  J.  W,  Gale^  Inst.  Engineers 
fr  Shipbuilders  in  Scotland,  1869,  Vol.  12,  p.  136. 

V  =  3.46 ;        C  =  112 ;        H^=  0.947 

New;  very  smooth  coating;  clean;  1800  feet,  with  curves; 
B.  fr  S.;  not  stated;  Fitzgerald^  1900;  A.  S,  C.  E.  44,  p.  88. 

V  4.7  5         6       6.5 
C                                            150        151      153     154 

Hf  0.773    0.865    1.21    1.39 

8  years;  coated;  tuberculated ;  8215  feet,  with  curves;  B.  jr 
S,;  by  pumps;  Fenkell,  1903 ;  A.  S.  C.  E.  51,  p.  825. 

V  0.2         0.6        1.0        1.1 
C          107        101        99         99 

By      0.00279    0.028    0.082    0.100 

SIVXTBD  STEEL  OS  SHEET-IRON  PIPES 

New;  galvanized;  clean;  24.9  feet;  taper;  by  weight; 
Giltner  tf  Ketchum,  1899-00;  reported  by  (?.  S.  Williams, 
A.  E.  5.  26,  p.  181. 

V  1         2       2.3 
C        80       83       84 

Hf      2.49    9.23    12.0 

New;  asphalt;  clean;  328.1  feet;  screw  coupling;  by  vol- 
ume; Darcy,  1850;  R.  E,,  Series  8,  pp.  12  and  52. 

V  1234568  10  12.8 
C  97  104  109  112  114  117  120  123  126 
H,       1.56    5.42    11.2    18.9    28.2    39.1     65.7    98.1     153 

N6w;  asphalt;  clean;  standard  spiral  riveted;  80.1  feet; 
flange;  by  volume;  Schoder  ff  Gehring;  Eng,  Record,  1908,  58, 
p.  241. 

V  1234568        10   Limits 
C          94       99      102     104     106     107     109     111  of  F  not 
Hf       1.34    4.83    10.2    17.4    26.3    36.9    62.8    94.9   stated 

New;  asphalt;  clean;  standard  spiral  riveted;  60  feet; 
flange ;  by  volume ;  Schoder  ff  Gehring ;  Eng,  Record,  1908,  58, 
p.  241. 

V  1234568        10    Limits 
C         100     106      109     111      113      115     117     119  of  Fnot 
H,       0.80    2.88    6.11     10.4    15.7    22.0    37.5    56.6   stated 


HYDRAULICS 
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RIVKIED   STEEL  OH   SHEET-IHOB   PIPBS  — Oinli 

New;  asphalt;  cteBD;  double  extra  heavy  spiral  riTelvd; 
^3.55  feet;  flange;  by  volume;  Hehoder  ir  Gearing;  Eng. 
Htcor'l,  1&08,  S8,  p.  241. 

V  1334668  10  Limib 
C  92  94  90  07  08  99  100  101  ofCi.ui. 
ff,       0.97    3.87    7.90     13.9    21.3    30.3    52.6    80.7   staled 

Hew;  asphalt ;cleau;  328.1  feet;  screw  coupling;  b;  voIuihb; 
Dorcy,  1850;  R.  E.,  Series  0;  pp.  12  and  52. 

V  1  2  3  4  .5  6  8  10  IW 
C  101  no  115  119  122  IS.'i  129  133  143 
H        0.605   2.08    4.2"    '04     10.5     14.4    24.0     35.8      119 


S  yean ;  nncoated ;  cli 
by  weir;  li.  Smith,  Jr., 


aiiDut  700  feet,  witfa  carvi>n ;  taperi 
;  Hydrautie$,  pp.  241  anil  'itA, 


C  »8      108      110      113       115 

H,  38     9.38     18.1    22.1     .33.1 

Hew;  asphalt;  clean;  321  1  feet;  screw oonpling;  b;  vol 

Darcy,  1850;  R.  E.,  Seri  10;  pp.  12  and  54. 

V  1.3  2  "  4  5  6  8  10 
C  105  no  ]  18  131  124  128  1.31 
Hf       0.600    1.42    2.»  88    7.26    10.1     16.8     24.9      275 

B  years ;  nncoated ;  clean :  about  700  feet,  with  curves ;  taper ; 
hy  weir ;  H.  Smith,  Jr..  1  S7r. ;   Hydravlia,  pp.  24 1  and  302. 

V  4.8  5  6  8  10  10.7 
C  no  ni  112  113  114  III 
Hf                                     6.58    7.72    10.9     19.0    29.2       33J 

Syeais;  nncoated;  clean;  about700  feet,  with  curve.i;  taper; 
by  weir;  H.  Smith,  Jr.,  1876 ;  llyJraulics,  pp.  211  and  302. 

V  4.4  5  6  8  10  12 
C                                       n4      115     116      119      120       12i 


Hew;  asphalt;  clean;  16,416  feet,  with  c 
1  Adami,  1895;  A.  S.  C.  E.  36.  p.  I 


Hew;  asphalt  and  coal  tar;  clean;  308  miles,  with  c 
cylinder;  by  pumps;   (/niin'n'j  flyrfrauifc*,  p.  1B3. 
V        1.89      2.12 
C        118       116 
Hf      0.426    0.530 
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33Iiioli60 


RIVXTBD  STEEL  OR  SHSST-IROlf  VIPES— Continued 

New;  asphalt;  clean;  34,176  feet,  with  curves;  taper;  by 
weir  and  reservoir;  /.  FT.  Smith,  1894;  A.  S.  C.  E.  36,  p.  203. 

'r=6.12;         C  =  123;        ^,=  3.57. 


35Iiioli60 


36  Inohes 

m  =  0.149 
n  =  1.76 

38  Inohes 
3J.67  f aet 


§2  Inobf 


New ;  asphalt ;  clean ;  39,829  feet,  with  curves ;  same  as  33- 
inch. 

F  =  5.44;        C  =  127;        ^=2.53. 


New;  asphalt;  clean;  25,000  feet;  cylinder 
joints ;  by  weir ;  Herschel,  1892 ;  115  ExperimerUSy 
p.  28. 

V  \  2  3  4  6         5.7 

C         95         103       107       112      115       117 
Hf      0.149      0.505      1.03      1.71      2.53      3.19 


Same, 
4  years  old 


1896 


4.93 
106 
2.87 


Built  in  1893-1894 ;  asphalt  and  Sabin's  varnish ;  46,339 
feet,  with  curves;  cylinder;  in  reservoir;  Kuichlingy  Report 
Executive  Board,  Rochester,  N.  Y.,  1897,  pp.  40-42. 

Jxnn  0  TO  15.  1896 

V    0.490    0.612    0.758    0.888  0.965   1.06    1.13    1.19    1.27 
C 

Oct. 
1896 

1.22 

102 

0.181 


I 


95    95    110   111   .97   106   111  112   110 
0.0337  0.0508  0.0605  0.0810  0.125  0.126  0.131  0.142  0.166 

July  6-17,  1897 

0.505   0.637    0.814    0.897    1.02    1.11    1.15    1.22   1.24 
113      114        117       112      112     115     117     115     109 
0.0254  0.0397  0.0615  0.0819  0.105  0.117  0.123  0.142  0.163 

Another  part  of  the  same  line,  91,641  feet 

Oct.  '95      Dbc.  '95       July  '97       Nov.  '97 

V  3.27  3.23  3.25  3.15 
C          117           114             116  112 
Hf        0.994          1.01          0.999        0.997 

Another  part  of  the  same  line,  45,394  feet.  This  piece  is 
connected  directly  with  the  Rochester  36  cast-iron  pipe,  gaug- 
ing was  simultaneous;  compare  them. 

Age  in  years  1.28  1.30  3.06  3.37  3.91  4.47  5.04  5.34 

V  3.88  3.91  3.81  3.71  3.72  3.71  3.77  3.76 
C  109  109  106  107  106  106  108  108 
Hf  1.59  1.61  1.63  1.53  1.57  1.5.3  1.54  1.54 

The  pipe  was  examined  when  it  was  about  4.2  years  old ; 
only  slight  tuberculation  was  found. 

New;  asphalt;  clean;  50,965  feet,  with  curves;   taper;  by 
weir  and  reservoir;  /.  W.  Smith,  1894;  A.  S,  C.  E.  36,  p.20a 
V  =  3.78 ;  C  =  116 ;  H^=  1.21. 


-  1. 
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RIVETED  STEEL  OB   SHEET-IROK   PIPES  —  C^.ntlnutd 

;   4i).S33  10  81,139   feet-  with  i 
■:  Hrr.ichtl,  \me  :   115  Eiperime 


4B  Inches 

3.94  to  3.96 

faet 


toper;  by  Venturi 


H,       0.111    0.417    0.1105    1.57    2.40 
Hew;  asphnlt;  clean;  21,613  feet,  nitfa  cun 
Venturi  met«r;   Herichel,  18Bfl;    US  Ezpmmer 


H,  0.886     1.50    2,01 

New;  utphalt;   clean;   24,630   to   74,.396  feet,  with 
cyliuder;  by  Veuturi  meter;  ffericAef,  1892  ;  Its  Srpe 
pp.  27  and  62. 


Hf  0.338    0.738    1.28    1.97      2.37 

tjeaia;  part  of  same  line;  Htridtd,  189S;  below  P 
Notch ;  by  Venturi  meter. 
V  3  4         5         6 

C  100       103      105       107 

H,  0.910     1.5:i     2-2a      3.17 

4  years  ;  another  part  of  sume ;  Jlerschet,  ISIlfi ;   a!iov( 
ton  Notch;  by  Venturi  meter. 


Hew;  asphalt;  unknown;  almut  4400  feet,  wiih 
bult  Joint;  by  Venturi  meter;  Man,  Wing,  k  Ilo-ikin 
A.S.C.  ii.  40,  p.  493. 


1 


3 


H,      0.0563     0.227     O.ol2 

S  years  ;  asphalt;  uukuowi 
saaiepii>e  as  last;  by  Vciitui 
18D0;  A.S.  C.  £".  44*,  p.  40. 


r 


Hj      0.0941     O.aiO      0.623      1.U2     l,:i 
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103}  Inohai 
8.615  feet 


m  =  0.0342 
n  =  2.14 


RIVETED  STEEL  OS  SHEET-IRON  VTPES  —  Continued 

6  years;    uncoated;    rusty,    not    tuberculated ;     153    feet; 
cylinder;  by  weir;  Herschely  1887;  ItS  Experiments. 

VI  2  3  4         45 

C         117        111       108       106       105 


H,      0.0:342    0.151     0.359    0.664    0.855 


1€  Inches 
1J.71  feet 

m  =  0.30 
n  =  1.74 


ISInolu 


Hi  lnoh< 


«  =  0.125 
«  =  1.72 


*^Alnohe» 


*»  =  0.0818 

^  =  1.72 

^i  Inches 

^  =  0.0823 
/*  ^-  1.71 

oiuitted 

^i  Xnche. 


'^  =  O.0473 
••  =  1.96 


WOODEN  STAVE  PIPES 

New ;  redwood ;  clean ;  3436  to  9912  feet,  with  curves ;  by 
weir  and  volume;  Adams;  A.  S.  C»  E.,  1898,  40,  p.  545. 

V  1  1.5 
C  107  113 
fl>      0.300     0.607 

New;  yellow  fir;  clean;  23,310  feet,  with  curves;  in  reser- 
vobr;  Adams,  1895 ;  A.  S,  C.  E.  36,  p.  25. 

F=3.61;         C  =  133;        /f  =  1.96. 

Less  than  1  year ;  clean;  4041  feet,  with  curves ;  by  7|  inch 
Haskell  current  meter;  T.  A.  Noble;  A.  S.  C.  E.,  1902,  40,  p. 
143. 

V 
C 
Hf 

Less  than  1  year ;  some  growths  (spongilla)  ;  2679  feet,  with 
curves;  7 J  Haskell  meter;  T,  A.  NoUe;  A.  S.  C.  E.,  1902, 
40,  p.  143. 

V  2.3  3  4  4.7 
C  117  121  126  129 
Hf                   0.343    0.541     0.888     1.17 

New ;  Douglas  fir ;  2,710  feet,  with  bends ;  by  Venturi  meter ; 
Marx,  Wing,  Sr  Hoskins,  1897 ;  A.  S.  C.  E.  40,  p.  512. 

K  1.2  2  3         3.6 

C  106        114        121        124 

Hf      0.0851     0.204    0.408    0.557 

8 years;  same  pipe  as  last;  22,672  feet,  with  bends;  by 
Venturi  meter;  Marx,  Wing,  if  Hopkins,  1899;  A.  S.  C  E,  44, 
p.  48. 


3.5 

4 

4.8 

111 

113 

116 

1.07 

1.37 

1.87 

V 

c 


1.2    2     3     4     5    5.3 
119   120   121   122   122   122 
0i)876  0.184  0.407  0.716  1.11   1.24 
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TABLE  L 
VAtrKBOP/AND  C  FOR  New  Cast-iron  Pipes;  from  Darct'x  Exppr/ 
ST  Wmtos'b  FoRHDL*.    /=  .01989  + '""'""^  j    C  =  iM» 


/ 

e 

I 

"«*- 

F«1(0» 

1>»U. 

F«t 

, 

.oe-2o 

Mm 

74 

e 

.500 

.0232    1 

.0831 

.0399 

80 

a 

.687 

.0224 

li 

.104 

.0359 

85 

10 

.833 

.0210 

u 

.125 

.0*H 

S3 

12 

1.00 

.Oil8 

.lti7 

.0299 

fi3 

14 

1.17 

.0213 

2i 

.208 

.0279 

06 

16 

1.33 

.0211 

.250 

.0288 

98 

18 

1.50 

.0210 

.333 

.D24g 

loe 

20 

t.67 

.0209 
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ViLTTKB 

SaoQ 


TABLE  LI 
Cosmomm  C  of  H.  Smith,  Jb.,  buitablb  only  for  Nbw 

PiPBSy      HAYINO      NO      ShARP      BkKDS.         AlSO      EQUIVALENT 
OF  /=^;  AND  THB  FRICTION   HkAO  PER  1000   FeET    (H,) 


\ 

BlAMSnCM 

Mbajt  Yilocitt  (F)  u 

r  Firr  ras  Sboond 

1 

iMbfft 

Fert 

1 

2 

3 

4 

5 

7 

10 

1 

15 

(about) 

.a5 

78 
.0423 
52.6 

82 

.0383 

107 

86 
.0348 

173 

88 

.0332 

258 

90 
.0318 

484 

91 

.0.311 

966 

91 
.0311 
2170 

'Expnr 

(iboat) 

.10 

C   80 
/  .0402 
U,   6.25 

89 
.0825 
20.2 

94 
.0291 
40.7 

97 
.0273 
68.0 

99 

.0268 

102 

102 
.0247 

188 

105 

.0233 

363 

105 

.0233 

816 

,16^  1 

12 

lu) 

C   96 
/  ifi79 
^/  .484 

104 
.0238 
1.48 

109 
.0217 
8.08 

112 
.0205 
5.10 

114 
.0198 
7.69 

118 

.0185 

14.1 

121 
.0176 
27.3 

124 
.0167 
58.5 

1 

18 

IJS 

C      108 
/  .0248 
Hf   .251 

111 
.0209 
.866 

116 
.0191 
1.78 

119 
.0182 
3.01 

121 
.0176 
4.55 

125 
.0165 
8.36 

129 

.0155 

16.0 

132 
.0148 
34.4 

^^H 

24 

2^ 

C   109 
/  .0217 
%   .169 

116 
.0191 
.594 

121 

.0176 

1.23 

124 
.0167 
2.08 

127 
.0160 
3.10 

130 
.0152 
5  80 

135 

.0141 

U.O 

138 
.0135 
23.6 

90 

2JS 

C   118 
/  .0201 
H,   .125 

120 
.0179 
.444 

125 

.0165 

.922 

128 
.0157 
1.56 

131 
.0150 
2.33 

135 
.0141 
4.30 

139 
.0133 

8.28 

143 

.0126 

17.6 

M 

8.0 

C   117 
/  i)188 
£>  .0974 

124 

.0167 

.847 

128 

.0157 

.732 

132 

.0148 

1.22 

134 
.0143 
1.85 

138 
.0135 
3.43 

143 
.0126 
6.52 

147 
.0119 
13.9 

42 

as 

C   120 
/  .0179 
i7/  .0794 

127 

.0160 

.285 

131 
.0150 
.599 

135 

.0141 

1.00 

137 

.0137 

1.52 

142 
.0128 

2.78 

146 

.0121 

5.:^8 

151 

.0113 

11.3 

1 

48 

4.0 

C   128 
/  X)170 
af   .0661 

130 

.0152 

.237 

134 
.0143 
.501 

137 
.0137 
.852 

140 
.0131 

1.28 

145 
.0122 
2.33 

150 
.0114 
4.44 

155 
.0107 
9.36 

1 

00 
72 
84 
96 

5.0 

C      128 
/  .0157 
S>  .0488 

134 

.0143 

.178 

139 
.0133 
.373 

142 

.0128 

.635 

145 

.0122 

.950 

149 

.0116 

1.77 

155 
.0107 
3.33 

/ 

0,0 

C   182 
/  /)148 
S>  .0888 

138 
.0135 
.140 

142 
.0128 
.298 

146 

.0121 

.501 

f48 

.0117 

.759 

153 

.0110 

1.40 

I 

r 

C   185 
/  X)141 
H>  .0814 

141 
.0129 
.115 

145 

.0122 

.245 

149 

.0116 

.412 

151 

.0113 

.627 

/ 

« 

C      188 
/  X)185 
i7/  .0263 

143 
.0126 
.0978 

148 

.0117 

.205 

151 

.0113 

.351 

154 
.0108 
.527 

i  3 

*  s 
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• 

118 
.0184 

119 
.0181 

120 
.0177 

123 
.0170 

126 
.0161 

130 
.0152 

133 
.0145 

137 
.0138 

140 
.0132 

143 

.0125 

148 
.0117 

154 
.0108 

158 
.0103 

118 

.0192 

117 
.0188 

119 
.0188 

119 
.0180 

122 
.0173 

126 
.0163 

129 
.0154 

133 
.0146 

136 
.0139 

139 
.0133 

£2^ 

^  f^ 

rHO 

148 
.0117 

154 
.0109 

157 
.0104 

115 
.0196 

116 
.0192 

117 
.01b8 

118 
.0184 

121 
.0176 

125 
.0166 

128 
.0156 

132 
.0148 

135 
.C141 

139 
.0134 

142 
.0128 

148 
.0117 

153 
.0109 

lo/ 
.0104 

.0207 

113 
.0201 

115 
.0196 

116 
.0191 

119 
.0182 

123 
.0171 

126 
.0161 

130 
.0152 

134 
.0144 

137 
.0137 

140 
.0131 

147 
.0119 

152 

.0111 

157 
.0105 

1    no 

.0211 

112 
.0205 

114 
.0199 

115 
.0194 

118 
.0184 

122 
.0173 

126 
.0162 

130 
.0153 

133 
.0145 

137 
.0137 

140 
.0131 

147 
.0120 

152 

.0112 

156 
.0105 

• 

111 
.0210 

112 
.0204 

114 
.0198 

117 
.0187 

•  121 
.0175 

125 
.0164 

129 
.0154 

133 
.0146 

136 
.0138 

140 
.0132 

146 
.0120 

151 
.0112 

156 
.0106 

• 

109 
.0218 

110 
.0211 

112 
.0204 

116 
.0193 

120 
.0179 

125 
.0166 

128 
.0156 

132 
.0147 

136 
.0140 

139 
.0133 

145 
.0122 

151 
.0113 

156 
.0106 

• 

105 
.0232 

107 
.0224 

109 
.0216 

113 
.0202 

118 
.0186 

XZXO* 
85X 

127 
.0160 

131 
.0150 

135 
.0142 

138 
.0135 

144 
.0124 

150 
.0115 

155 
.0107 

1 
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TABLK  r.iir 

VALCB9 

OP   /"        rO    C   FOR    VKBT    SMOOTH    PlPBS    SUCH    A8    BrASS    OR   I.EA_    ^C3 

/     ;012o  +  ■"■'''5  -  .06  D  (w.:bton-8  Formui.a).    C  -  "^  ''^ 

v»                                          (/)i 

Bf' 

Me^n  Vit.«-m  C)  IS  Tan  va.  SBiOBO 

iDohei 

1 

1.5 

2 

3 

4 

6 

8 

10 

15 

ao 

j 

.0418 

.0:!83 

.0.J31 

.02a3 

.0271 

.0244 

.0229 

.0218 

.0201 

.01  SI       y^ 

78 

84 

88 

94 

97 

103 

106 

109 

113 

116     <::• 

lo.5 
0.01 

30  5 

4S4 

98.5 

161.8 

328.3 

545.7 
4.90 

812.3 
6.12 

1087 
9.08 

2848    .rr, 

12.24     </ 

..^i 

87 

» 

.0110 

.0327 

n.xin  1  ,                .42 

.0226 

.0316 

.0200 

.0189       r 

7U 

'85 

89 

J.| 

107 

109 

113 

m     -c 

12.2 

24.0 
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Valnea  of  /,  IT/,  and  G  taken  from  laWes  by  Weston,  Trans.  Am.  Soe.  C-  *'' 
r>.>l.  122,  pp.  55  and  03.      Values  of  C  computed  from  Wustou's/. 
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Problems 

1.  The  mean  yelocity  of  flow  in  a  new  18-inch  cast-iron  pipe  is  6  feet  per 
ond.    Determine  slope  of  the  hydraulic  grade  line. 

2.  The  discharge  through  a  12-inch  cast-iron  pipe  is  1500  gallons  per 
Dute.    Compute  the  head  lost  in  friction  in  2000  feet. 

3.  What  discharge  in  gallons  per  day  would  be  given  by  a  system  of  {our 
oot  cast-iron  pipes,  120  feet  long,  laid  level,  with  a  head  of  100  feet  on  tl:o 
iter? 

4.  What  head  is  necessary  to  deliver  1,330,000  gallons  per  day  through  a 
oot  cast-iron  pipe,  17,684  feet  long?  (a)  When  the  pipe  is  new.  (b)  When 
e  pipe  is  20  years  old. 

5.  Water  is  raised  by  a  pump  through  an  actual  vertical  distance  of  100 
Bt,  and  delivered  at  the  rate  of  8.124  million  gallons  per  day  through  a  42- 
ch  cast-iron  pipe  5  miles  long.  To  raising  the  water  what  height  is  the 
3rk  of  the  pump  equivalent? 

6.  The  elevation  of  the  water  surface  in  a  storage  reservoir,  A,  is  78  feet. 
1  a  distribution  reservoir,  B,  it  is  60  feet.  Distance  between  them  is  3  miles. 
'Jey  are  connected  by  a  2.5-foot  new  cast-iron  pipe.  What  will  be  the  dis- 
&rge  in  cubic  feet  per  second?  Compute  the  elevation  of  water  in  a  piezoin- 
-r  tube  10,000  feet  distant  from  A. 

7.  The  water  surface  in  a  storage  reservoir,  >1,  is  at  elevation  310  feet.  In 
istribution  reservoir,  B,  it  is  298.5  feet.  Distance  between  them  is  3  miles, 
ey  are  connected  by  a  3-foot  cast-iron  pipe.  Compute  the  discharge  in  cubic 
t  per  second,     (a)  When  pipe  is  new.     (6)  When  20  years  old. 

8.  Two  reservoirs  are  connected  by  a  15-inch  pipe  4  miles  long.  In  each 
-rvoir  the  center  of  the  pipe  is  20  feet  below  the  water  surface.  For  the  first 
i'  distance,  the  pipe  is  laid  on  a  grade  of  1  in  660 ;  the  next  \,  1  in  330 ;  for 

last  1,  level.  Determine  the  discharge  in  gallons  per  minute.  Compute 
^ht  of  piezometer  reading  at  each  change  of  grade  and  reduce  to  pounds  per 
^re  inch. 

9.  A  tank  of  15,000  gallons  capacity  is  30  feet  above  the  street.  The  pres- 
d  on  the  street  main  is  30  pounds  per  square  inch.     Between  the  main  and 

tank  is  a  pipe  1000  feet  long.  What  diameter  must  it  have  to  fill  the  tank 
10  minutes?  With  this  diameter  what  head  would  be  needed  to  fill  tank  in 
tninutes? 

10.  A  tank  of  5000  gallons  capacity  is  28.6  feet  above  the  street.     Head  on 
street  main  is  30  feet.     Between  the  main  and  the  tank  is  a  pipe  200  feet 

g.     What  diameter  must  this  pipe  have  to  fill  the  tank  in  30  minutes? 

11.  A  riveted  steel  pipe  60  inches  in  diameter  is  25,000  feet  long.  At  5000 
t  from  the  inlet  1,000,000  gallons  per  day  are  taken  off;  at  10,000  feet, 
K)0,000  gallons;  at  15,000  feet,  4,000,000  gallons;  at  20,000  feet,  3,000,000 
lions;  and  from  the  end  6.000,000  gallons  per  day.  (a)  Compute  and  plot 
e  hydraulic  grade  line.     (6)  Compuie  also  for  a  wooden  stave  pipe. 
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12.  A  double  line  of  SO-inch  cast-iron  pipe,  20,000  feet  long,  wiflj'MTa^ 
»ble  head  of  1:20  feet,  ia  to  lie  replaced  by  a  single  fine  of  larger  siie,  to  c^rrj 
the  name  amount  of  water,  Wliat  will  be  the  rpi^iiired  diameter,  Ufiing  the 
nearest  commercial  size  above  tUat  glreii  by  (he  computation? 

13.  Water  is  raided  by  a  pump  through  an  actual  Tcrtical  distance  of  lOO 
feel,  and  ia  to  be  delivered  at  the  rate  of  6,]'24,000  gallons  per  day  throiti^K  : 
(a)  a  l-foot  cast-iron  pipu ;  or  (/>)  a  2-fooC  cast-iron  pipe;  in  each  case  10  miles 
long.  The  work  of  the  pump  ta  equivalent  to  lifting  the  water  to  what  heigbi 
in  each  case? 

14.  What  diameter  of  cast-iron  pipe  will  be  required  to  discharge  7,000,000 
gallons  per  day  under  a  head  of  100  feet,  through  a  length  of  62,800  feet,  making 
a  reasonable  allowance  for  deterioration  in  I'se? 

15.  What  will  l)e  the  velocity  through  a  riveted  steel  pipe  40,000  feet  long, 
8  feet  in  diikmeter,  under  a  bead  of  50  feet?    (u)  New.    fb)  15  years  old. 

16.  A  cast-iron  pipe  42  inches  in  diurneter  ia  used  as  an  invert«d  siphon  U> 
connect  two  ends  of  au  aqueduct,  3000  feet  apart,  and  ia  to  deliver  80  cubic  feet 
per  second.  What  should  be  the  difference  in  elevation  of  the  two  enda  of  the 
Bqoedncl  ? 

17.  What  presaure  in  pounds  per  square  inch  would  Ito  required  at  the  Btreet 
end  of  a  house-service  pipe  o(  galvanised  welded  steel  pipe  I)  inelies  in  diam^      , 
t«r,  to  deliver  8  gallons  per  minute  at  a  faucet,  400  feet  distant?     Aasum^  fi*"^ 

18.  What  is  the  loss  of  head  at  entrance  for  an  18-inch  cast-iron  pipe  hsvinS 
tlie  iidet  flush  with  the  wall  of  a  dam,  if  discharging  5000  gallons  per  minute  ' 

19.  Det«rmine  the  loss  of  head  in  a  bend  of  45  degrees  with  a  radius  of  &^ 
feet,  in  a  JS-inch  pipe  discharging  10,000  gallons  per  minute. 

20.  The  slope  of  a  hydraulic  grade  line  is  0.001.  ComputA  the  diameter  *>' 
a  galvanized  steel  pipe  to  deliver  470  cubic  feet  per  minute. 

21.  7480  gallons  per  minute  are  pumped  through  a  pipe  line  composed  <^* 
3000  feet  of  aO-inch,  1000  feet  of  30-iiich,  and  2000  feet  of  24-inch  east-iroU 
pipes.     Compute  the  friction  head  in  each  length. 

22.  Compute  the  discharge  in  cLibic  feet  per  second  in  each  of  the  folIowioS 
independent  pipe  lines  (head  of  1.50  feet  in  all  caspji) :  (o)  6000  feel  of  24-inc:li 
pipe;  (6)2O0Ofeet  of  24-inch  pipe,  and  4000  feetofiS-incli  pipe;  (c)2000te!e' 
of  24-inch,  IIIOO  feet  of  12-inch,  2000  feet  of  I3-iiicli,  and  1000  feet  of  6-iuch. 

23.  Two  reservoirs,  having  a  difference  iiL  elevation  of  2iKI  feet,  are  con- 
nected by  a  4-foot  pipe  10,000  feet  long.  At  1000  feet  from  the  upper  reser>-i>i''. 
a  pipe  2  feet  in  diameter  and  4900  feet  long  leads  to  another  reservoir,  st  »" 
elevation  130  feet  lower  than  the  upper  reservoir.  What  is  the  discharge  ii>to 
each  reservoir  and  what  is  the  piezometer  reading  at  the  point  of  divergenC  ■ 

24.  Three  mains  separate  at  a  point  A,  to  which  the  wat«r  is  brought  i*^  ^ 
single  36-ii)ch  cast-iron  main.  The  first  is  8  inches;  the  second,  12  incl"-'*' 
and  the  third,  24  inches;  each  1  mile  long,     (a)  What  bead  lueoBured  fron" 


FLOW  OF  WATER  IN  PIPES  337 

center  of  the  pipe  at  il  is  necessary,  at  a  reserroir  2  miles  away,  to  deliver  8400 
gallons  per  day  at  A^  the  pressure  at  ^  to  be  100  pounds  per  square  inch? 
(6)  What  will  be  the  discharge  at  the  outlet  of  each  distribution  pipe  if  they 
all  discharge  into  atmospheric  pressure,  and  have  their  outlets  at  the  same 
elevations  as  the  point  A  V 

25.  A  distribution  system  of  cast-iron  pipes  is  laid  out  in  the  form  of  a  grid- 
iron, measuring  300  feet  each  way  to  points  of  intersection. 

The  pipes  are  of  two  sizes,  being  8-inch  in  one  direction  and  6-inch  in 
the  other,  which  is  at  right  angles  to  that  first  mentioned.  These  pipes  are 
connected  throughout  and  there  are  no  dead  ends. 

Assuming,  as  in  the  case  of  a  fire,  that  it  is  required  to  deliver  1500  gallons 
l»eT  minute  under  a  hydrant  pressure  of  70  pounds  per  square  inch  at  point  By 
whose  codrdinates  are  1800  feet  by  1800  feet  from  the  point  of  supply  A ,  deter- 
mine the  necessary  pressure  at  the  point  ^,  if  ^  and  B  are  at  the  same 
elevation. 


CHAPTER   XVI 

THB  FLOW   OF  WATER  IN  OPEN  CHAITKBLS 

382.  Open  cltaiiDels  iire  natural  or  artificial  waterways  of  «ny   | 
for[u  in  which  the  flowing  water  has  its  upper  surface  exposed 
to   the   air.     Brooks,  rivers,   canals,   troughs,   and   also,  if  only 
partly  filled,  covered  conduits  or  pi^ea  are  open  channels. 

Uniform  Flow 

383.  Uniform,  steady  flow  in  open  channels  will  exist  when 
the  following  conditions  occur  simultaneously:  if  the  volume 
of  flow  is  constant  for  successive  equal  intervals  of  time,  if  the 
dimensions  and  outlines  of  the  channel  are  constant  from  place 
to  place,  if  the  lining  is  of  uniform  material  and  smootbuess,  and 
the  slope  of  the  bottom  is  constant.  Then  in  successive  sectiniis 
the  cross- sectional  areas  of  the  stream  and  the  mean  velocity 
will  be  constaot,  and  the  slope  of  the  water  surface  will  t>e 
parallel  to  the  slope  of  the  bottom  ;  and  the  slope, 

hf  =  the  loss  of  head  in  friction,  which  in  this  case  is  the  diffe^' 
ence  in  elevation  of  the  surface  of  the  water  at  t\f^ 
cross  sections  of  a  stream  separated  by  a  distance  L- 
The   simultaneous   occurrence  of  all   conditions   requisite  fo' 
uniform  steady  flow  is  in  reality  rare.     A  change  from  a  stesJy 
flow  of   a   given  volume   to  that  of  a  different   volume   in  ll»^ 
siirac   channel  will  alter  (perhaps   materially)  the   slope  of  th^ 
water   surface,  which  will    no   longer   be   parallel   to   the  slop* 
of   the   bottom,   hence   the   areas   of,  and    the   mean  velocity  l^ 
successive    areas    of,   the    stream    will    no    longer   be   constant- 
Apparently  slight  variations  in  the  character  of  the  lining,  ih^     ' 
shape  of  the  channel,  or  the  slope  of   the  bottom  may  produce     i 
marked   changes   in   the   resistance  to  flow,  and    the   conditions    j 
which  depend  upon  it.  I 
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As  the  surface  of  the  water. in  an  open  channel  is  free  to 
rise  or  fall,  the  stream,  in  adapting  itself  to  variations  or  changes, 
produces  a  great  variety  of  combinations  of  the  factors  causing 
flow.  To  correlate  experimental  results  is  often  intricate  and 
difficult;  and  except  for  channels  of  regular  form,  and  very 
uniform  linings,  the  formulation  and  reapplication  of  experimental 
results  are  not  always  trustworthy. 

f^mpirical  formulas  must,  however,  be  used,  together  with 
direct  recourse  in  important  cases  to  experimental  data;  and 
the  accuracy  of  the  result  will  depend  largely  upon  the  closeness 
with  which  a  case  under  consideration  fits  the  available  experi- 
meatal  data. 

384.  The  Chezy  formula.  If  it  be  assumed  that  the  loss  of 
head  varies  as  the  square  of  the  mean  velocity,  Chezy's  formula, 
or  some  equivalent  expression,  is  most  commonly  used  in  calculate 
^g  discharge,  namely : 

F=  CCRS)K  (1) 

Q  =  AV=  AC(iRS)K  (2) 

F'smean  velocity  of  flow  in  a  stream  cross  section,  feet 
per  second. 

A  =  area  of  cross  section,  square  feet. 

R  s  mean  hydraulic  radius,  feet. 

/Ssssine  of  slope  of  water  surface;  or,  as  more  commonly 
used,  the  slope  of  the  bottom  of  the  channel. 

(7  =5  an  empirical  coefficient  depending  upon  V]  R,  the  degree 
of  roughn#ss  of  the  lining  of  the  channel ;  and  proba- 
bly to  some  extent  upon  the  slope. 

l/=  head  lost  in  friction  in  a  length  L  (both  in  feet). 

385.  Exponential  formulas.  The  resistance  to  flow  has  repeat- 
^ly  been  proved  to  be  not  always  proportional  to  the  square 
o!  the  mean  velocity,  but  to  some  other  power  of  T^  varying  from 
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l.ia  lu  2.10  or  Iiigher;  nor  ciin  the  reUtion  between  velocity- 
slope,  and  the  mean  hydraulic  radius  be  represented  as  a-ilefiiiit« 
general  law. 

By  classifying   channels  according  to  the   roughness  of  their 

-  linings,   it   may   be   shown   that   if   accurate   experimental  (kta 

covering   the    required    conditions   are   available,    the   following 

expression,  or  some  equivalent  form,  will  give  the  true  relation 

between  S,  V,  and  R  for  a  particular  channel. 

S..^.  (5) 

jc  =:  a  coefficient  of  roughness. 

11  =  exponent  of  V. 

m  =  exponent  of  R. 
K,  m,  and  n  will  depend  upon  the  roughness  of  the  lining  and 
to  a  limited  extent  upon  the  form  of  the  channel. 

Such  a  formula  requires  a  separate  determination  of  te,  m,  and  n 
for  many  classes  of  cliannels,  and  will  be  most  accurate  if  bused 
upon  a  large  number  of  observations  of  nearly  equal  precision  for 
each  class ;  and  means,  in  effect,  a  separate  formula  for  each  class. 
Such  a  procedure  is  logical  and  may  ultimately  be  the  prevailing 
practice;  ruquiriug,  however,  a  great  increase  in  existing  data- 
At  the  present  time  the  most  generally  used  formula  of  this  type 
is  the  Williams  and  Hazen  formula  given  in  §  343. 

386.  Coefficient  C  for  the  Cheiy  formula.  The  coefficient  C  >s 
a  variable,  usually  assumed  to  depend  on  the  degree  of  roughness 
or  smoothness  of  the  channel  lining,  the  mean  hydraulic  radio*- 
the  mean  velocity  of  flow,  and  the  slope.  Whether  O  depends 
upon,  or  is  independent  of,  the  slope,  is  an  open  question ;  0  in*y 
be  determined  directly  from  experiments,  or  by  the  use  of  an  en*' 
pirical  formula. 

An  experimental  determination  of  C  comprises  a  measurement  o' 
the  slope,  the  discharge,  the  dimensions  of  a.stream  and  the  chiii' 
nel  in  which  it  is  contained,  from  which  the  following  computation 
will  give  0  for  a  given  flow: 

^=V;  ^'•^'^     .=  R;   ^=S. 

A  Wetted  Perimeter  L 

Then  since  V=o(r^)  ;    0=v(—\  . 


^"{mJ-  Ce) 
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Tbe  results  of  observations  on  a  series  of  steady  flows,  if  made 
intk  accaracy,  will,  if  plotted  on  coordinate  paper,  allow  the 
dnwing  of  a  curve  or  curves  which  will  be  a  graphic  representa- 
tioa  of  the  law  of  flow  in  the  experimental  channel.  From  such  a 
eorve  values  of  (7  may  be  taken  within  the  range  of  the  experi- 
meota,  with  as  high  a  degree  of  precision  as  the  experiments 
themselves  warrant. 

Snch  experimental  results  are  the  most  trustworthy  guides  for 
obtaining  accurate  coefficients  for  other  similar  channels ;  but  very 
dose  similarity  is  infrequent.  To  be  of  use  the  results  of  experi- 
ments musty  in  general,  be  formulated.  The  formula  most  widely 
Qaed  is  Kutter's ;  but  for  smooth  channels  of  small  hydraulic  radius 
Baan's  is  especially  good ;  and  in  general  is  as  good  as  if  not  better 
than  the  Eutter  formula. 

187.  Kiitter't  fbnnula  for  calculating  C.  E.  Granguillet  and 
W.  R.  Eutter,  two  Swiss  engineers,  published,*  as  the  result 
of  their  studies  of  all  the  then  (about  1870)  available  gaug- 
uigs  of  the  flow  of  water  in  channels,  a  general  formula  for 
computing  the  values  of  (7,  intended  to  be  applicable  to  any  kind 
^  cbannel  closed  or  open.     The  formula  proposed  by  them  is : 

41.66 +  lfl  +  :0|81 

8^  sine  of  the  slope. 

R  S8  the  mean  hydraulic  radius. 

»  B  a  coefficient  of  roughness  determined  by  experiment,  or 
estimated. 

^l^«  more  common  values  given  to  the  coefficients  of  roughness  n 

^^'^  as  follows : 

^  CharacUr  (if  tht  tbdng  of  a  channel 

•009  very  smooth  boards  carefully   joined ;   very  smooth 

glass  or  enameled  tubes. 
*^1.0  planed  boards ;  neat  cement  plaster. 

•Oil  cement  mortar  \  sand. 

*  fUm  ofWaUr  in  Rintm  and  Other  Channels^  translated  by  Hering  and  Traut- 
^^    Wil^&Sons. 
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onimon  boanls  uiiplaned,  well  jomed;  new  best  q^* 

ity  brick  masonry. 
.013  newaslilar;  ordinary,  good  brick  masonry;   well-lc 

vitrified  sewer  pipes. 
.015  dirty  cement,  brick   and   vitrified  pipe   aewers ;   « 

poorly  laid  vitrified  pipes  j  canvas  lining  on  frame 
.017  good  rubble  masonry  and  rough  ashlar  with  cemeC 

joints;  rough  brick  masonry. 
.02  clean  canals  in  firm  gravel ;    rough  rubble  (dry  C 

mortar). 
■  025  natural  or  artificial  channels  in  earth  of  regular  forr 

and  free  from  weeds  or  detritus. 
.03-, 04  channels   in  earth,  with   detritus  or  aquatic   plant 

varying  from  good  to  bad  condition. 
.0+-.05  natural  Btreams  of  irregular  form  with  flood  flow. 

Table  LVIII  (at  the  end  of  this  chapter)  oontuns  values  of 
computed  by  Kutter's  formula  for  slopes  of  .001,  .0002,  .0001. 

358.  Eutter's  diagram.     Tiie  computation   of  values   of    0 
tedious,  but  may  be  facilitated  by  the  use  of  a  graphical  cha 
fts  proposed  by  Ganguillet  and    Kutter.*     From  this  chart  aU 
the  mean  velocity  may  be  graphically  determined  by  a  metbc 
proposed  by  Hering  and  Trautwine.* 

359.  Church's  diagrams.  I.  P.  Church  has  published  a  set 
diagrams  on  logiiritliinic  paper  covering  the  ordinary  range 
practice  from  which  f-'may  be  taken  very  simply. f 

Ei^mple.  Given  an  open  channel  of  rectangular  cross  s£ 
tion,  10  feet  wide,  the  water  20  feet  deep,  the  slope  .0001,  »J 
»  =  .015.     Find  R,  C,  V,  and  Q.  ^H 

7;  =  ^0jii»_=4feet.  ■ 

10  +  20  +  20  ^H 

1.811      .00281 

■Ola       .0001         lSO^_iQfia 
.00281^.015^1.523 


41.66  4 


By  computation    C= 


1  +    41.66+ - 


•  B»e  Flow  0/  fFattr, 
Had  Trtutwlne. 

t  JMoffTttfu  of  Jfmn  Velocity  of  Unift 
Wile;  1  HoM. 


•OOUl  )     2 
by  tiaoguiUeu  and  Kutter, 


1  Motion  of  Wolor  i 
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Then,  V^  126.1  ^4  x  t^^tt^)  =  2.50  feet  per  second. 

By  diagram,  (7=125,   r=2.5,  C  =  ^r=  200  x  2.5  =  500  cubic 
feet  per  second. 

390.  Limitations  of  Kutter's  formula.  There  is  a  wide  range 
in  the  magnitude  of  the  streams  on  which  this  formula  is  based 
(from  hydraulic  radii  of  0.28  to  74.4  feet)  ;  but  a  study  of  the 
data  on  which  the  formula  is  based,  as  given  in  the  author's  book, 
has  led  to  the  following  conclusions : 

That,  for  hydraulic  radii  greater  than  10  feet,  or  velocities 
higher  than  10  feet  per  second,  or  slopes  flatter  than  1  in  10,000, 
the  formula  should  be  used  with  great  caution.  For  hydraulic 
radii  greater  than  20  feet,  or  velocities  higher  than  20  feet  per 
second,  but  little  confidence  can  be  placed  in  results. 

That,  considering  the  variable  accuracy  of  the  data  on  which  the 
formula  is  based,  results  should  not  be  expected  to  be  consistently 
accurate  within  less  than  about  5  per  cent. 

That,  for  any  slope  steeper  than  .001  the  values  of  C  computed 
for  S=s  .001  may  be  used  with  errors  less  than  the  probable  error 
in  the  ordinary  use  of  the  Kutter  formula. 

That  between  slopes  of  .001  and  .004  the  maximum  variation 
(at  the  extreme  values  of  n  and  jB)  in  (7  is  about  4  per  cent ;  for 
such  values  as  fall  within  the  range  of  ordinary  practice  the 
maximum  variation  is  but  2  per  cent. 

That  between  slopes  of  .0004  and  .0002  the  maximum  variation 
is  about  5  per  cent,  but  for  such  values  as  fall  within  the  range  of 
<^^dinary  practice  the  maximum  is  less  than  3  per  cent. 

That  for  higher  values  of  S  the  divergence  in  tlie  values  of  0 
^'^creases;  but  the  occasions  when  slopes  flatter  than  .0004  are  to 
*^  considered  in  design  are  not  common,  and  when  they  do  occur 
^^y  are  usually  for  structures  of  such  high  character  that  they 
^^^rrant  special  study  and  some  basis  in  addition  to  a  general 
^^pirical  coefficient.  And  considering  that  a  degree  of  precision 
^*  .001  is  rarely  exceeded  in  leveling  for  ordinary  construction 
^^I'k,  and  that  in  picking  out  the  value  of  w  a  variation  of  .001 
^^t"  small  values  of  n  and  It  may  change  the  value  of  C  as  much 
^  17  per  cent,  and  for  moderate  values  as  much  as  5  to  8  per  cent, 
^^    should   be   obvious   that  hair-splitting  calculations  with  the 
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Kutter  formula  are  a  neeilless  waste  of  time,  producing  mene/r 
mechanical  accuracy  instead  of  a  high  degree  of  precision. 

391.   Logarithmic  diagtam  for  the  Kutter  formula.     In  vien* 

of  these  many  limitations  to  securing  a  high  degree  of  precision 
bj"  the  use  of  the  Kutter  formula  a  logarithmic  diagrmn  ■  for  aolv- 
iug  problems  is  proposed,  which  is  based  on  three  curves  for  every 
desired  value  of  n ;  one  for  S=  .001,  to  be  iised  for  slopes  from 
1.0  to  .0005 ;  one  for  S=  .0002.  and  one  for  S=  .0001.  Inter- 
mediate values  may  be  closely  estimated;  and  in  any  case  ba* 
very  slight  error  is  involved  in  overlooking  variations  in  C  due  t*3 
slight  changes  in  S. 

The  Chczy  formula  is  | 

In  the  Kutter  formula  (7) :  let 

,.  41.66 +  Ifl  +  :M§1;  (S) 

.„<!    •      .-(41.66+^)™.  L-») 

Then<7 J?— =  -»^,        /^       ,  (1_0) 


y« 


'.^      (i)'-(....)(.y 


For  logarithmic  computations : 
Formula  (10)  becomes: 

Formula  (H)  becomes: 
Log  r=log(-j«— )+l„gii_l„gQ'.  (13) 

And  (lie  discharge 

Loir  ^  =  log  ^  +  log  r.  (;:i-*) 

*  This  diagram  is  new  so  tar  as  the  authors  know. 
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Values  of  R  sufficient  in  number  to  locate  the  curve  are  assumed 

and  corresponding  values  of  f—r^ — )  are  computed.*     On  loga- 

Vfil  +  xJ 

riihmic  paper,  using  the  left-hand  edge  as  the  F-!Faxis,  and  the 

bottom  edge  as  the  X-X  axis,  points   are  plotted  having  for 

abscissas  values  of  R;    and  for  ordinates  values  of   f — ^ — V 

throagh  these  points  a  smooth  curve  is  drawn  and  labeled  with 
the  proper  n  and  S.     The  scale  for  R  begins  at  the  origin  with 

.10,  and  the  scale  for  ( — ^^^ — j  with  10. 

ViJ*  +  x^ 
If  on  logarithmic  paper  a  straight  line  be  drawn  from  any  num- 
ber on  the  y- J' axis  to  the  same  number  on  the  JT-JTaxis,  this 
namber  will  be  the  product  of  the  two  rectilinear  coordinates  of 
any  point  on  this  line.  All  such  lines  will  be  parallel  and  will 
make  an  angle  of  315®  with  the  X-X  axis.  Such  lines  will  be 
called  product  lines.  For  this  diagram  the  scale  of  numbers  for 
these  lines  should,  in  order  to  give  directly  the  products  of  R  by 

(~~^ — \  begin  at  1  =  [  —  x  10  j  at  the  origin.     The  scales  of  the 

product  lines  are  marked  on  the  edges  of  the  diagram  by  short 
diagonals  which  also  indicate  their  inclination. 

A  straight  line  (-4.5)  drawn  through  the  origin  at  45°  with  the 
^-X  axis  will  have  every  point  equidistant  from  both  axes ;  and 
^ay  thus  be  used  to  determine  the  square  roots  of  numbers.    The 
line  AB  is  graduated  for  this  purpose  by  its  intersections  with  the 
product  lines,  and  has,  therefore,  the  same  scale;   but  the  sub- 
divisions are  labeled,  not  with  numbers  themselves,  but  with  their 
^iprocals.     Thus  at  1000  the  scale  on  AB  reads  .001,  at  50  it 
reads  .02;  the  two  coordinates  of  .001  are  seen  to  be  31.6,  and  of 
•^2,  7.07,  obviously  the  square  roots  of  1000  and  50,  the  recipro- 
^^  of  .001  and  .02.     The  line  AB  is  thus  graduated  and  labeled 
*' Scale  of  Slopes." 
figure  131  is  such  a  logarithmic  diagram  for  computing  dis- 
place — ^ —  =  —  the  ordinates  may  be  readily  gotten  by  dividing  values  of  C 

Bi-\-z     B^ 
^^le  LVTII  by  the  corresponding  values  of  B^.    The  values  of  C  in  this  table  were 
'^I>xited  by  the  reverse  process. 
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oViarge  in  open  channels  by  the  use  of  the  combined  Chetyu**" 
Kiitter  formulas.     This  figure  wi!l  l>e  found  in  the  Appendix, 

To  find  V.  Tlie  vahie  uf  llie  produce  line  drawn  through  tli»* 
point  on  the  given  n  and  S  curve  which  has  for  its  abscissa  tli^ 

given  R  is  tlie  product  of  R  by  { — *^ — Y     To  this  product  Hm^ 

drop  a  perpendiculnr  either  horizontally  or  vertically  from  tttf 
given  point  on  AB  corresponding  to  the  given  slope;  the  otbel 

coordinate  ( the  first  being  I  T. )   )  is  the  value  of  the  mean  velos^ 

ity,  V.     The  decimal  point  for  Fis  determined  by  inspection,  aj 

both  the  approximate  values  of  the  product  line  and  of  [  -:,)    an 
easily  noted. 

To  find  Q-  Follow  the  perpendicular  through  V  thus  found,  fc- 
a  perpendicular  through  a  number  on  the  other  axis  correspondii*  | 
to  tlie  area  (j4)  ;  at  tlieir  intersection  di'aw  a  product  line  and  ^ 
the  margin  read  its  value,  which  is  the  discharge  ($). 

To  find  C.     Trane  (by  eye)  a  horizontal  line  through  that  poi*] 
on  the  given  n  and  S  curve  which  has  for  its  abscissa  the  give 
value  of  R,  to  an  intersection  with  a  vertical  through  (^Ry  rexm 
on   the    R   scale.       Through   the    point   of   intersectiou  draw 
product   liue   to  the  nearest  margin  and   read  the  value  of     4 

This  is  merely  multiplying  f- — - — ^A  bv  R'.  which  gives  C. 

W  +  xJ 

In  utinff  the  diagram  a  large  45°  triangle  i#  convenient;  l»  i 
any  straightedge  will  answer,  and  the  direction  of  product  lii^' 
can  be  fixed  as  well  by  eye  by  noting  equal  intersections  of  t^t 
margins  or  intermediate  lines.  The  horizontal  and  vertical  liL»-< 
can  be  traced  by  eye.  One  setting  only  is  required  to  find  fa*! 
C,  anil  two  settings  to  find  Q. 

Other  computations  may  be  made  on  the  diagram,  as,  f* 
example,  if  C,  R,  and  S  are  given,  to  find  Vot  Q  ;  but  in  this  t>' 
diagram  has  but  little  if  any  advantage  over  a  good  table  * 
square  roots  and  reciprocals  and  a  slide  rule. 

Example.  Given  the  area  of  the  cross  section  of  a  stre^' 
(A)  =42.5  square  feet;  the  mean  hydraulic  radius  (fi)  =  4.4  fe«3' 
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the  slope  (aS)  =.0015;  and  w  =  .013.      Find  the  velocity  (F), 
the  discharge  ($),  and  the  value  of  C, 

To  find  V.  The  vertical  through  R  =  4.4  cuts  the  curve  for 
/S=.001  and  n=.013  at  2>;  the  product  line  through  2>  is  cut  at  E 
by  a  horizontal  from  8=^  .0015.  The  abscissa  of  E  is  11.7, 
the  velocity  V. 

The  other  co5rdinate  of  E  is  25.8  [the  square  root  of  -oj-     The 

same  result  but  on  the  other  scales  would  result  by  dropping  a 
perpendicular  to  the  product  line. 

To  find  Q.  Continue  the  perpendicular  through  E  to  its  inter- 
section at  F  with  a  horizontal  through  42.5  (=^).  The  product 
line  through  this  point  reads  497,  the  discharge  (^)  in  cubic  feet 
per  second. 

To  find  0.  Trace  a  horizontal  through  2>  to  ii  its  intersection 
with  a  vertical  through  2.097  (^*  =  2.097);  a  product  line  I-J 
through  this  point  reads  O  =  145. 

392.  Bazin's  formula  for  calculating  C.  Bazin  proposed  *  a  for- 
mula for  computing  the  flow  in  open  channels,  which  in  distinction 
to  an  earlier  one  is  called  Bazin's  "new  formula."  The  formula 
itself  is  for  computing  O  for  use  in  the  Chezy  formula. 

^      157.6       157.6^  ,.^. 

(7=: jT  = 1 — -•  (16) 

r  f  =s  coefficient  of  roughness. 
R  s  mean  hydraulic  radius. 
8^  sine  of  slope. 

This  formula  eliminates  the  variation  in  O  with  changes  in  S  (in 
^Iiich  it  differs  from  the  Kutter  formula),  and  makes  the  varia- 
tions in  O  depend  only  upon  variations  in  the  mean  hydraulic 
radius,  and  in  the  coefficient  of  roughness. 

*  Ann.  des  Ponta  et  CJuiusSes^  M^m.  et  Doo.,  1897,  4th  trimestre,  p.  20  et  aeq. 
tBazin's  symbol  was  **7*^  (small  gamma);  to  avoid  oonfusion  **r^*  (capital 
gamma)  is  here  used. 


Cl»»al         r  =  .109. 


I 


Cl«»  11 

r- 

.290 

OInsa  III 

ar- 

.833 

Clsas  III  i  r  . 

l.W 

Clasi  IV 

r- 

2.35 

Clivss  V 

r- 

3.17 
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Values  uf  F 

Very   smooth   surfaces;    neat  cemef**' 

planed  wood. 
Smooth  surfaces  ;  planks,  bricks,  ashlA^- 
Rough  aurfacijs ;  rubble  masonry. 
Canals  with  mixed  liningB ;  very  regala' 

earth  or  paved  with  stones. 
Earth  canals  in  ordinary  condition. 
Earth  canals  in  bad  condition. 
This  formula  represents  the  results  of  a  very  careful  study  of 
existing  data  and  is  extremely  valuable  in  designing  relatively 
small  channels  and  those  with  ver^'  smooth  linings ;  and  meeta 
lliu  conditions  of  design  for  all  open  channels  as  well  as,  if  noli 
iK^tter  than  any  general  formula  available.     It  has  the  additional 
murit  of  simplicity. 

Table  LIX  (at  the  end  of  this  chapter)  gives  values  of  C 
iminiinlod  by  H;i/.in's  formula. 

393-  Logarithmic  diagram  for  Bazin's  formula.  For  logarithmie 
computation  IWin's  formula  (15)  may  lie  stated: 

i-»gi'=iog(;^)+iog«-iogQ'-        (vr, 

The  computations,  plotting,  and  use  of  a  logarithmic  diagram 
for  u^ng  Ba^in'a  formtda  are  similar  to  those  described  for  use  wi^l* 
Kutter'ii  formula  (§  391).  Values  of  A  as  abscissas  are  plott«^ 
on  logarithmic  paper  agunst  corresponding  values  of  (     ' } 

and  through  the  points  thus  located  a  smooth  curve  \&  drawn,  o 
for  each  vnluo  of  P.     By  means  of  these  curves  a  complete  sol  «i- 
tiou  for  I*  Q,  and  C  may  be  made  as  described  in  connection  iv^a-  ^ 
the  Kutter  Imr^hthmic  diagram. 

Kigurv  lit-  is  a  logarithmic  diagram  for  Bazin's  formula. 
figure  will  be  found  in  the  Appendix. 

Ei^Mmpte:   Given  A  =42.5  square  feet,      ^  =  4.4,      5=.0O** 

r  =  .-yj. 

Kind  i;  Q,  and  0. 

Kiwiu  the  diagram  r=  U.S.  ^=4*^*.  t*-140. 
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SM.  Ezperlmental  results.  Table  LVII  (at  the  end  of  this 
chapter)  contains  a  few  experimental  results  on  open  channels. 
Numbers  (1)  to  (17)  illustrate  the  comparative  effect  of  various 
linings  in  channels  of  about  the  same  capacity.  Numbers  (18)  to 
(21)  are  examples  of  large  masonry  aqueducts.  Owing  to  the 
large  number  and  variety  of  experiments,  no  attempt  has  been 
made  to  show  even  a  representative  set  of  experiments.  In  design- 
ings important  open  channels  a  careful  study  should  be  made  of 
original  records  of  experiments. 

385.  Forms  of  channel  cross  sections.  The  most  elBcient  form 
of  channel  cross  section,  from  a  hydraulic  standpoint,  assuming 
the  Chezy  formula  to  represent  the  law  of  flow,  is  that  which 
with  a  given  slope  and  a  given  area  will  have  the  maximum  dis- 
charge, or  what  is  equivalent,  the  n|luumum  velocity  for  a  given 
area.  This  condition  occurs  when  the  ra£b|6f  the  crossHsectional 
area  to  the  wetted  perimeter  is  a  maximum,  which  means  that  for 
a  given  area  the  hydraulic  radius  is  a  maximum. 

A  semicircular  section  most  thoroughly  fulfills  the  conditions 
for  highest  hydraulic  efficiency,  because  for  a  given  area  the 
wetted  perimeter  is  less  than  for  any  other  form.  It  is  probable 
also  that  for  similar  linings  and  with  other  conditions  equal, 
the  actual  resistance  to  flow  is  less  than  for  any  other  shape.  The 
mean  hydraulic  radius  of  a  semicircular  section  is  one  half  the 
depth.     See  figure  133  a. 
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(  polygons,  one  half  a  regular  hexagon  or  one  h:ilf  B 

squ;  t      le  best  of  their  particular  shapes  for  hydraulic  effi' 

ciei  act!   lavlag  a  mean  hydraulic  radius  equal  to  one  half  tht 

depi...     See  igures  133  b  and  133 

For  trapezoidal  sections  having  a  level  bottom  line,  and  two  iiK 
dined  side  walls,  but  at  some  angle  of  inclination  other  than  SO", 
like  figure  134  d,  the  best  form  will  be  that  in  which  all  the  facea- 
are  tangent  to  an  inscribed  semicircle  with  ita  center  in  the  water' 
surface.     R  can  be  proved  to  be  equal  in  all  such  sections  to  -■ 

Any  section  formed  as  the  lowe  lalf  of  a  regular  polygon  of  an 
even  number  of  sides,  and  each  of     3  faces  tangent  to  a  semicircle 

r 


with  its  center  in  the  water  surface,  will  have  ita  mean  hydraulic 
radiuH  equal  to  one  half  the  radius  of  the  inscribed  circle.  (See 
figures  134  e  and  184/.) 

For  drcnlar  channels,  a  common  form  foi 

sewers,  the  area  and  the  mean  hydraulic 

radius   at  different   depths   are   given  in 

'   Table  LX V  (in  Appendix)  for  a  diameterof 

''  one,  by  means  of  which  desired  values  may 

be  gotten  for  any  other  diameter  by  mill- 

tiplying  by  the  square  of  the  given  diame- 

Fio,  I3J.  — Circular  Channel  ters  to  compute  the  area,  and  directly  bjr 
partly  Filled.  the    diameter   to   compute  the  mean  hy- 

draulic radius.     Figure  135  explains  the  symbols  in  Table  LXV 
The  maximum  value  of  R  occurs  when  the  depth  d'  =  .81  J). 
The  maximum  discharge  occurs  not  where  ^  isa  maximum,  but 
whfre  ^*  X  A  is  maximum,  which  is  where  the  depth  =  .95  D. 

396.  Factors  determining  the  shapes  of  channels.  The  shapes 
of  channels  are  not  infrequently  fixed  by  many  important  consid- 
erations other  than  to  secure  best  hydraulic  efficiency. 
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The  question  of  cost  of  construction  and  maintenance,  the  choice 
of  materiala  availaUe  for  supporting  or  lining  tlie  channel,  the 
limits  to  the  slope  of  the  bottom  or  its  depth  imposed  by  the 
character  of  the  material  or  its  surroundings,  the  frequently 
necessary  provision  for  cleaning  or  inspecting,  the  securing  of  a 
good  form  of  section  iu  a  channel  both  for  large  and  small  flows, 
the  prevention  of  scouring  or  silling,  and  if  iu  rock  whether  to 
use  It  large  rough  section  or  to  line  it ;  these  and  many  other  con- 
siderations give  rise  to  a  great  choice  of  cross  sections.  The  best 
form  for  many  channels  can  be  settled  only  by  a  thorough  study 
of  the  hydraulic  efficiency  in  connection  with  cost  and  jxTmanency. 
397.  The  effect  of  ice  covering  on  ttie  flow  in  an  open  chanael. 
In  northern  climates,  in  the  winter  time,  natural  streams  as  well  as 
power  canals  may  be  covered  more  or  less  continuously  with  ice 
which  rests  on  the  water  surface.  In  such  cases  the  ice  adds  to 
'he  wetted  perimeter  of  the  stream  and  increases  the  resistance  to 
flow.  The  effect  of  ice  covering  may  best  be  determined  by 
l-'augingB  with  a  current  meter  when  the  ice  is  in  place ;  if  gaugings 
T';  aot  feasible  and  computations  of  discharge  by  empirical  formn- 
'li  are  necessary,  the  wetted  perimeter  should  be  increased  by  the 
"(si  top  width  of  the  water  surface.  In  addition  to  this,  the 
>  ''Mof  the  section  is  usually  diminished  by  the  thickness  of  the  ice. 
In  ilie  design  of  channels  for  such  conditions,  the  reduction  should 
be  jirnvided  for  in  fixing  the  dimensions. 

399.  The  effect  of  minute  growths  and  deposits  upon  the  carry- 
ii;'  capacity  of  channels.  This  question  has  been  given  consider- 
-'>'e  importance,  due  to  the  measurements  in  the  Sudbury  and 
^^ucbusett  aqueducts,  after  being  in  commission  for  a  number  of 
yean,  when  the  carrying  capacity  of  these  aqueducts  was  found  to 
«e  about  10  per  cent  less  than  when  first  used.  This  loss  can  be 
wnwiderahly  reduced  by  cleaning,  and  this  cleaning  will  probably 
«e  a  part  of  the  maintenance  of  every  big  aqueduct  in  the  future. 
399.  The  effect  of  anchor  Ice  and  frazil  ice.  Anchor  ice  is  an  ice 
fnrtnaiion  on  the  stream  bed.  Frazil  or  needle  ice  forms  in  streams 
"licre  the  velocity  is  too  great  for  surface  ice  to  form,  and  will 
•fttle  and  build  upon  anchor  ice  or  upon  the  bfittom,  or  be 
Tried  along  by  the  current  just  about  in  suspension  until  it  is 
.night  by  some  obstruction  and  there  builds  up.     The  effect  of 
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anchor  ice  and  frazil  ice  is  to  diminisli  tlie  stream  area. 
the  bed,  and  greatly  retard  if  not  stop  all  flow.  To  pro' 
this,  ample  allowance  should  be  made  by  enlarging  the 
such  an  extent  that  the  surface  ice  will  form  readily  and  protect 
the  water ;  and  some  means,  such  as  a  targe  sluice,  should  be  pro- 
vided for  drawing  off  the  anchor  and  frazil  ice,  if  it  forms, 

400.  Distribution  of  velocities  in  the  cross  section  of  open  channels. 
In  straight  ciiantieJs  without  disturbing  influences,  it  may  be 
stated  that  in  general  the  velocity  is  least  at  the  perimeter,  ami 
increases  toward  the  center  from  the  sides,  and  from  the  bottum 
toward  the  top.  The  maximum  velocity  is  usually  found  bodib- 
where  between  mid  depth  and  the  surface,  about  in  the  miJJie 
of  the  channel. 

In  channels  with  curved  alignment,  or  bo  near  curves  as  to 
feel  their  effects,  tlje  distribution  of  velocities  as  compared  with 
that  of  straight  channels  is  more  or  less  modified  ;  for  example, 
the  velocity  may  be  a  niaxiinum  at  or  uear  the  outside  of  the 
curve.  The  discharge  from  submerged  wheels,  orifices,  gates,  or 
entering  streams,  either  above  or  below  a  stream  section,  a»J 
cause  an  entire  redistribution  of  velocities  at  the  point.  A  great 
many  measurements  based  upon  the  determination  of  a  few  veloc- 
ities have  been  vitiated  by  the  effect  of  such  disturbanues. 

401.  Diagram  of  equal  velocities.     The  relation  of  velocities  ic^ 
any  stream  cross  .section  may  bo  shown  by  plotting  on  cross  sectiow^ 


Flo.  136.  —Dlkt^ram  gliowtng  CarTss  d(  Eqnal  Velodtj 

paper  the  outline  of  the  section,  and  the  velocities  at  t 
where  actual  observations  have  been  made.     On  this  plot,  t 
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process  like  that  of  interpolating  contours  on  topograpliic  maps, 
u  aeriea  of  lines  may  l»e  drawn,  each  one  representing  approxi- 
uiuiely  the  locus  of    all  points  having  the  same  velociiy.   Sut-h 
hues  may  he  called  contours  of  equal  velocity,  their  area  deter- 
mined  by  planinieter,  and  from  these  areas  the  discharge  bj' ordinary 
rules  of  mensuration.     Figure  ISii  is  such  a  diagram,  in  this  case 
of  a  power  canal ;  on  account  of  the  location  of  a  closed  feed  gate 
on  one  side  of   the   channel   above    this   section,  the  maximum 
velocity  is  located  away  from  the  center  of  the  channel. 

402.   A  vertical  velocity  curve  is  a  curve  drawn  through  plotted 

fiaiil-s  ,.[  iirlual  uh^,;^:,Unu  i.i  ii  vcrti^'al  pliuic  |.andk-l  U.  ih^-  axis 

--i 

t 

^10.  l.tT.  —  Venicul  Velocity  CurvoB  Ida  Potrcr  Canal  (takeu  fro  ni  Fig.  VM>. 

V      "f  flow,  with  proportional  depths  as  ordinates,  and  velocities  as 
1     sbBciasas.     Figure  137  is  a  set  of  such  curves  taken  at  several 
"     wciions  from  figure  136. 

403.  A  horizontal   velocity   curve    is   a   curve  drawn   through 
i'"iiits  of  actual  observations  in  a  horizontal  plane  parallel  to  the 
alia  of  Bow,  with  distances  from  one  side  as  ordinates,  and  veloci- 
tien  lis  abscissas.      Figure  138  shows  such  a  curve  in  a  straight 
flannel :  figure  139  shows  such  a  curve  at  a  bend  in  a  channel. 
A  rfxl  float  traverse  or  a  current  meter  integration  in  sections  is  a 
i^^iifve  of  this  kind. 

404.  Use  of  velocity  curves.     From  a  study  of  such  curves,  it 
is  possible   to  find   some  fairly  definite  relations  between  mean 
veliicitynnd  the  velocity  at  given  points  in  any  particular  channel, 

'     and  for  ii  series  of  steady  flows.     Altliough  a  thorough  study  of 
■sjwrimental  results  has   yielded   formulated   relations   between 
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velocities  at  «riveti    points   and    mean  velocitiea,.  presoraaMy  of 
general  application,  such  (orniulaa  should  be  used  with  extreme 
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reluctance,  and  only  where  actual  measurements  can  not  be  ma< 
by  current  meter  or  other  apparatus.     One  actual  traverse  ma 
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naoiierutely    definite   relation   mny   be   determined   between   the 

beight  of  the  water  smface  and  the  discharge. 

The  process  of  rating  a  stream  or  establishing  a  rating  atatioii 
coDsista  in  measuring  the  flow  at  various  stages  of  the  lieight  of 
the  water  surface.  The  results  of  such  measurements  plotted 
will  give  a  rating  curve,  from  which,  if  the  measurements  have 
covered  a  suitable  range,  the  discharge  may  be  gotten  at  any  time 
«itb  BUch  accuracy  as  the  original  measurements  warrant  by 
<>fiser?ing  the  gauge  indicating  the  height  of  the  water,  and 
enlering  the  curve  with  this  reading.     Figure  140  is  such  a  curve. 

Variable  Flow  in  Open  CaANNELa 
408.  If  the  cross-sectional  area  of  an  open  channel  changes 
from  place  to  place,  instead  of  being  uniform,  the  problem  of  com- 
puting the  flow  will  be  modified,  and  may  become,  according  to 
given  conditions,  complicated,  more  or  less  uncertain,  or  very 
iifiicult  (if  solution. 

407.  Steady  noa-aniform  fiov  In  artificial  channels.  Artificial 
'liannels.  if  not  uniform,  are,  for  tiie  most  part,  either  combinii- 
'•ons  of  independent  channels  each  of  different  area  but  within 
themselves  uniform,  and  connected  by  an  enlarging  or  reducing 
•channel  of  relatively  short  length  ;  or  two  or  more  lengths  of  the 
*^nie  uniform  channel  connected  by  bends. 

408.  The  loss  of  head  in  non-uniform  artificial  channels  may  be 
■^^^inputed  as  the  sum  of  tho  friction  lieads  in  each  of  the  parts 
^*"luch  are  straight  -and  uniform  within  themselves,  and  of  the 
logaes  of  head  due  to  enlargements,  contractions,  bends,  or  any 
<^t.her  irregularity  between  the  uniform  parts  which  produce 
^<3ilies  or  other  disturbances. 

109.  For  enlargements  or  contractions  the  losses  of  head  may  be 
*^omputed  by  methods  similar  to  those  indicated  for  pipes  under 
pressure,  or  the  losses  may  be  provided  for  in  assuming  a  suffi- 
ciently low  value  of  C. 

Wo.  For  bends  in  open  channels  no  satisfactory  solution  fur 
"'t-  luMes  of  head  can  be  offered  ;   the  loss  is  frequently  assumed 
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411.  n  *pU.     Consider  a   clutDDcI   composed  of  two  parti, 

both  reetai  pilar  channels  lined  vith  planed  boards  (se«  %ur« 
141^  ;  one  itum  B  to  Cis  10»0  feet  long,  6  feet  wide,  uid  3j  fnt 
deep  ;  tbe  ottter  from  O  to  i>  is  SIMM)  feet  long,  5  feet  wide,  ni 


a     Patum  P/a/te      C 


2  feet  deep.     Assum*' 
charge  in  40  cubic 
and  hottom  are  tbe  same 
mid  the  difference  in 


Bjr  Uemoulli'i 


Then  the  lost  head,  A*  = 


ion  at  €  abrupt.  If  the  dis- 
ind  the  slojte  of  water  snrface 
lost  head  between  B  and  A 
he  water  surface  at  B  aDi]  J)- 


2» 


-J.  +  i^ 


•Ig 


Asauming  that  thu  losses  are  due  only  to  friction  and  to  changes 
in  velocity,  the  lust  liead  may  be  expressed  thus : 

The  lost  head  Ijetween  S  and  H, 

h    -A'V    AT?  I  ,  r,'    , 

"      C\'Ba      C\'Jt,      ''-2/ 
and  the  difEerence  in  elevation  between  B  and  2>,  which  is 

»,-», -A, +/" 


'igl 


T'.  -  -r^  =  2  i  and  T'  = 
•      Six  6  ' 


r,  X  31 


K.  -  -r^r.'^  -  1.58 ; 


and  R^  = 


10 


2+2+5" 

tul  hy  Jvutter's  formula,  «=  .01,  S=  .001  (assumed); 
t'  =  1G6  and  C,  =  158: 
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so  since  the  ratio  of  the  two  areas  is  0.6,  the  factor  for  con- 
action  loss,  f«  =  .298  (§  364,  Table  XLI)  : 

TV,««    A         1000  x2a    .     2000  x4g    .    ^^^    4a 
^^'^  ^-=166^x1.58 -^158^x1.11 +  '^^^64:32 

.092        -h      1.155       -h      .074      =1.32  feet. 

The  valaes  of  the  slope  assumed  (.001)  gave  excessive  values 
C  Taking  values  of  C  for  the  slopes  computed  (.092  and  .58 
p  1000),  a  final  solution  gives 

,         1000  X  2a    .2000x42,    oQo     4»        .  ..  ,    . 
^^  =  160^  X  1.58  ^  150^  X  1.11  "^  '^^^  64:32  ==  ^'^^  ^"^^' 

The  difference  in  elevation  of  £  and  2>, 

Ao-A,  =  1.45  +  (2^-g)»1.64. 

NoTR.  These  trial  computations  can  be  done  very  quickly  on  the  loga- 
bmic  diagram  for  Kutter's  formula  (figure  131),  by  the  inverse  process  of 

C/2*  /I  \^ 

ding  F.    Here  V  is  known  and  S  is  desired.    As  F  = r»  therefore  (  -  ) 

fir 

—7^;  the  process  being  to  divide  by  Fthe  product  line  through  the  given 
and  the  given  n  and  S  curve. 

The  chief  difficulty  about  problems  of  this  kind  is  the  deter- 
ination  of  the  head  lost  at  the  place  where  changes  occur,  a 
gligible  factor  if  the  changes  are  gradual.  For  the  most  pa:  t, 
dealing  with  variable  flow  in  open  channels,  no  distinction  c;iii 
made  between  head  lost  in  friction  and  the  difference  in  eleva- 
u ;  the  practice  is  to  decrease  the  value  of  C  enough  to  cover 
'h  losses. 

U2.  Steady  non-uniform  flow  in  natural  channels.  Natural 
^inels  for  the  most  part  comprise  a  succession  of  varying  cross- 
tions,  never  wholly  uniform,  but  more  or  loss  approximating 
iformity.  Coefficients  derived  from  observations  on  uniform 
^  do  not  exactly  fit  variable  flow ;  nor  does  a  coefficient  for 
i  variable  flow  fit  another;  and  though  estimates  must  be 
de,  they  may  be  far  afield  unless  some  actual  measurements  are 
iilable  for  the  stream  under  consideration.  Often  the  prob- 
as  concerning  the  carrying  capacity  of  natural  streams  have  to 
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do  with  extreme  conditions,  which  may  reiidily  be  estimated,  bd  1 
with  a  vague  knowledge  of  just  how  accurate  the  results  may  I 
The  following  example  will  illustrate  a  problem  common  tonv^rl 
hydraulics,  and  shows  a  method  bv  which  this  problem  and  sin 
lar  problems  may  be  solved. 

413.  Example.  A  dam  u'm  propoied  to  create  a  waterfall  [n  v> 
power  station  at  a  certain  point  on  a  given  river.  Before  cc»ii' 
B  true  ting  the  dam  certain  questions  concerning  the  effect  on  l1>b 
liver  of  building  the  dam  had  to  be  answered:  among  them  C**^ 
how  kifh  would  the  water  rise  at  the  dam  ;  and  (A)  hwe  high 
point  about  eight  milei  upitream  where  there  is  an  existing  wat^^ 
power  plant  with  the  running  of  which  interference  was  r:^<* 
legally  permissible. 

The  first  quettion  (a)  could  be  answered  by  computing,  by  w& 
formulas,  the  head  of  water  on  the  crest  of  the  dam  necessary 
discharge  the  maximum  known  or  predictable  freshet. 

The  second  question  (S)  could  be  answered  only  by  measuri 
actual  cross  sections,  and  computing  and  plotting  the  h 
grade  line  of  the  river  as  it  probably  would  be  after  the 
built. 

The  steps  in  this  process  cover  about  the  following 

The  location  and  elevation  of  all  iiigh-watcr  marks,  especial 
those  of  the  greatest  flood  flow. 

Profiles  of   the   water   surface   at   the    greatest   and   ordina-: 
yearly  Hood  flows  and  a  profile  of  the  stream  bed  on  its  axis. 

Cross  sections  of  the  bed  of  the  river,  taken  wherever  a^^ 
marked  changes  in  section  occurred  and  at  enough  interva-  - 
between  such  places  as  would  approximately  give  the  mea 
Such  cross  sections  should  include  the  banks  to  the 
elevation  to  which  the  river  could  possibly  rise  after  the  di 
built. 

Determination  of  flood  flows  from  records. 

Computations  (from  the  accumulated  information)  of  values  t*^ 
C  for  successive  sections  of  the  stream,  to  be  used  in  computiuj 
the  hydraulic  grade  line  for  the  assumed  conditions. 

The  maximum  flood  flow  in  this  case  was  known  to  be  abou-' 
68,800  cubic  feet  per  second ;  such  a  flood  was  likely  to  occu--' 


measurin 
hydrai*! 
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only  about  two  or  three  times  in  a  century.     The  yearly  maxi- 
mum was  known  to  be  about  26,000  cubic  feet  per  second. 

From  a  study  of  the  profiles  and  cross  sections  it  was  found 
that  the  river  from  the  proposed  dam  to  the  water  power  eight 
miles  upstream  might  be  reasonably  divided  into  16  lengths.  See 
columns  (1)  and  (2)  in  Table  LIV. 

By  means  of  the  profiles  and  the  cross  sections,  the  mean  area 
in  each  length  was  determined.     See  column  (8). 

from  the  profiles  of  the  water  surface  the  rise  in  water  surface 
for  esoh  length  was  taken  in  this  case  for  maximum  flood  flow. 
See  column  (4). 

From  the  cross  sections  the  mean  wetted  perimeter  was  scaled 
for  each  length.     See  column  (5). 

TABLE  LIV 
CAuniLATBD  VALxras  OF  C,  FOR  Q  =  63,800  Cubic  Fist  fbb  Second 
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Tlie  lUtian  velocity  in  each  luiigili  whs  next  compated  for  tl 
greatest  flontl  by  dividing  tlio  mean  area  of  each  length  ia  *o 
63,800.  Thus  for  Section  1  the  mean  velocity  r=f|m  =  4.7  ^. 
See  column  (6). 

The  mean  hydraulic  i-ailiiis  for  eiiih  length  wii8  eominited  (r^  tn 


the  1 


ftnd  wetted   perimeter   It  = 


A 


Thus  for  Section 


1, 


^=1||^  =  30.7.     See  column  (7). 


"^'KmJ- 


r  Section  1, 

C  =  4.73f — ^^'"^  . }\  =64.9.     See  column  (8  3 
\30.i  X  Ah/ 

The  results  of  these  computations  are  shown  in  Table  LIV. 

Valuea  of  the  coefficient  C  being  thus  determined,  a  com[^  1 
tation  of  the  hydraulic  grade  line  as  it  probably  would  be  afCi-* 
the  dam  was  built  showed  that  at  the  time  of  the  greatest  fresl^  « 
the  height  of  the  water  eight  miles  upstream  would  not  nife«t  ti  "Bl 
power  plant  there  more  than  without  the  new  dam  on  account  M 
uatuntl  obstruction  still  farther  down  river.  In  other  woi«3 
the  plant  was  flooded  out  in  either  case,  and  this  would  occur  nr-m  1 
at  long  intervals.  As  the  same  method  of  computation  was  m^.^ 
in  estimating  an  abnormal  freshet  as  for  a  yearly  freshet,  C^li 
computations  for  a  discharge  of  26.000  cubic  feet  per  second  nrv  1> 
are  given,  because  the  annual  freshet  was  in  this  case  of  movl 
importance  than  an  abnormal  one.  i 

As  tlie  extreme  effect  of  this  dam  with  a  normal  spring  fresli^^ 
was  desired,  instead  of  taking  the  individual  values  of  C  for  ene-' 
section  as  shown  in  Table  LIV.  the  average  value  of  C  for  tli^* 
smaller  ten  computed  values  in  Table  LIV  for  a  larger  discliarg^^ 
wi-re  taken,  in  this  case  45.*  ' 

lli-^noing  at  a  height  on  the  crest  computed  for  this  flood  flow, 
th«  mean  ar«a  between  successive  sections  was  recomputed  by 
marking  on  each  cross  section  the  levfl  of  the  water  surface  where 
a  trial  slope  of  .8  foot  per  mile  out  esch  section,  aod  again 
roci>mput«l  sssuoceasiTC  trials  indicated  iim>i«  nearly  tbo  probable 
jrrade  line. 
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Thus  step  by  step  the  grade  was  computed,  starting  from  an 
elevation  of  125.0  for  high  water  at  the  dam.  The  results  of 
these  caloolatioQS  are  given  in  Table  LV. 


TABLE  LV 
Calculated  Slops  of  thb  Rivrr  for  Q  = 


26,000  COBic  Fbet  per 


Skcond,  usino  C  = 

45 

(1) 

(t) 

(■) 

(4) 

(6) 

(fl) 

(J) 

(B) 

S-WOflJ 

/.(ft.) 

fiMttoni 

A  liq.  ft.) 
UHDAr«i 
bela»  Hyd. 

becvMS 

WatlJd 

F(ft.«c-) 

A  (ft.) 

btltiBtn 

"7^ 

ElevBtlnns  ..( 
W»Mr  aurf.i.f 

SkUod 

0 
1 

2.800 

10.520 

410 

2.47 

25.7 

0.30 

125.0 
125.30 
125.44 
12.1.89 
125.80 
126.02 
126.13 
126.^2 
126.48 
127.09 
I27m 
127.77 
129.12 
129.67 
130.55 
131.J5 
131.76 

2 

2.400 

14.580 

555 

1.78 

26.3 

0.14 

3 

1,800 

10,300 

450 

2.53 

22.9 

0.25 

4 

2.000 

15,420 

610 

1.69 

25.3 

0.11 

5 

2,500 

13,230 

595 

1.97 

22.S 

0.22 

tl 

2.20O 

15.350 

540 

1.69 

28.4 

0.11 

7 

900 

S,4]0 

380 

3.09 

22.1 

0.19 

S 

I,GO0 

12,5.30 

688 

2.08 

21.3 

0.18 

9 

3.900 

10,890 

605 

2.39 

18.0 

0.61 

10 

1.500 

11.360 

650 

2.29 

17.5 

0.22 

11 

2,900 

12,180 

855 

2.14 

14.2 

0.46 

12 

2,600 

6,470 

430 

4,02 

15.4 

1.35 

13 

2,400 

9,000 

515 

2.86 

17.7 

0.55 

u 

3,000 

8,940 

825 

2.91 

14.3 

0.88 

15 

2,100 

7,400 

465 

3.51 

15.9 

0.80 

1« 

1,200 

7,880 

495 

3.30 

15.0 

0.41 

^'^.TC  is  thus  compated  to  be  the  elevation  of  the  water  surface 
at  the  dam  eight  miles  upstream,  during  an  ordinary  epriug  fresliet. 
^1-4.  nnsteady  rariable  flow.  Where  the  volume  of  flow  in 
**!*»»  channels  varies  very  much  in  short  intervals  of  time,  no 
™*tli<Kl  of  solution  will  be  offered ;  as  the  problem  may  be  best 
'"Ived  by  considering  the  flow  as  steady  for  the  time  being  and 
"^^ing  the  calculations  on  this  basis. 

Tbansvortation  op  Solids  by  Moving  Watee 

*15.   Particles   of   solid    matter   heavier   than   water   may   be 

moved  by  a  stream  either  by  transporting  them   in   suspension 
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or   by  rolling   or   drifting   them   along   the   stream   bed.     Tbu 
does   not   refer   to   the   moving  of   large  stones  by  floating  ice. 
Suspended  matter  ia  largely  clay,  fine  8and,  or  loam ;  and  drifting 
matter   is   usually  coarae   sand,  gravel,   or   large   pebbles.    The 
shifting  of  solid  particles  in  water  implies  erosion  in  some  place* 
and   silting   or  building  up  in  otbere.     A  stream  may  carry  in 
suspension   material  which  it  has   not   power  to  erode,  and  oui 
drift  material  wliich  it  ciin  not  carry.     The  one  condition  in*y 
occur  continuously,  the  other  only  during  freshets.     The  eroding 
and   transporting  power   of   a   stream   depends  chiefly  u]>on    tt» 
velocity  of  flow,  and  the  diameter  and  density  of   the  particle* 
of  material  through  which  it  flows.     Precise  information  on  fcli^ 
subject  is  relatively  meager,  being  cliiefly  Dubuat's  eiperimeotB 
and  Kennedy's  experiments. 

416.  Dubuat's  experiments.  The  following  relations  betw^se: 
the  v.elocity  of  water  and  the  movement  of  solids  in  water  ^ui 
those  of  Dubuat,  *  and  are  the  result  of  a  number  of  experim^Kk 

TABLE  LVI 


BOTTOH    VbLOCITIHI  AT  WHICtK. 

MATBKIAb 

Hateriia 
Transpor.             j^  j„ 
taUon  begin.     Equilibrium 

beg-*'-" 

S«.id ;  ».  g.  3.36 
Seine  Gravpl ; 

,.  g.  2.55 

Slihigle;  ,.g.2m 
Fli„is;  ..jj.2.35 

Dark;    suiUble    for 

potteiy    .... 

Coarae,  yellow     .     . 

Size  of  anise  seed  . 
Siie  of  pea  or  larger 
Siif  of  sQiall  browu 

bean 

Be.ich ;  round«).  one 

ii.eh   or    more    in 

diameter  .  .  . 
Sharp;   size  of  hen's 

"■ffi 

0.35 
1.07 

0..>3 
0.71 

i.r.6 

3.20 
4.00 

t   per  sacuDd 
OS! 
0.71 

0.35 
0.63 

1.07 

2.14 
120 

LM-* 

•  JVinfiJu-s  <r Hf<tr,iiili^uf.  eic.  Dubual.     Paris,  1816.     Kourelle  Wilion. 
f  riie  clay  ust-d  deposited  tine  aand  u  K>tloiu  velocities  o(  0.53  and  lower. 
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made  by  him  in  plank  troughs.  These  troughs  were  of  two 
sections,  one  rectangular  having  a  bottom  width  of  approximately 
1.5  feet;  the  other  of  trapezoidal  section  with  a  bottom  width 
of  practically  0.5  foot  and  side  slopes  of  about  3  to  4.  This 
channel  was  probably  not  over  140  feet  in  length,  and  the  opera- 
tions were  made  in  about  the  last  60  feet. 

417.  Kennedy's    experiments.      Kennedy*    made    a  thorough- 
study  of   the   velocity,  depth,  and   width  in   certain    irrigation 
canals  with  reference   to  their  efiPect  on   scouring  and   silting. 
The  streams  in  question  formed  and  maintained  stable  sections 
over  many  years  though  discharging  large  volumes  of  silt-bearing 
water.     He  found  by  plotting  his  results  that  the  mean  velocity 
at  which  silting  is  just  prevented  is  a  function  of  the  depth  and 
may  be  computed  by  the  expression, 

F,=  0.84do-w 

Vf  is  the  mean  velocity  at  which  with  a  given  depth  (d)  silt- 
ing is  just  prevented. 

V,  is  then  the  lowest  velocity  for  which  a  channel  in  earth, 
^^  for  a  silt-bearing  stream,  should  be  designed.  At  a  higher 
Velocity  erosion  may  occur;  at  a  lower  velocity  water  charged 
^th  silt  will  deposit  part  of  its  charge. 

Sediment  is  kept  in  suspension  by  the  vertical   components 

^f  eddy  currents,  of  which  the  force  is  in  proportion  to  V^,     The 

^'^It-supporting  power  of  a  stream  will   be   proportional   to   the 

^^idth  of  its  bed,  other  things  being  equal.     While  being  thus 

®^pported  the  silt  is  moving  forward  at  the  velocity   V;  hence, 

^■^e  amount  of  silt  suspended  and  transported  will  vary  directly 

^^  the  width  of  bed  and  as  ( F^  x  V^)  =  F^  or  allowing  for 

^'h.e  drifting  silt  which   does  not  require   support  in  the  water, 

^*^e  silt-transporting  power  of  the  stream  as  deduced  by  Kennedy 

^^ries  as  the  2.5  power  of  the  mean  velocity  of  flow  or  (  F' v- 1 

418.  Design  of  earth  channels  modified  by  the  transporting 
^^"Wer  of  water.  This  transportation  of  materials  by  the  water 
^^ten  make    necessary   lower    velocities    than    other    conditions 

,^^*  Robert  Greig  Kennedy,    The  Prevention  of  Silting  in  Irrigation  Canah, 
*^*>c  InsL  ClvU  Engw.,  Vol.  119,  p.  281. 

t  It  is  inferred  that  the  canals  mentioned  were  in  moderately  fine  soil. 


I 


require  for   power  or  other   canals  in  earth,   in   order   to  ke^^  I 
the   cross   section,  once  dug  through  soft  material,  of  the  fors 
designed  ;    on  the  contrary,  heavy  siltrbearing  rivers  may  nwta 
necesBHry  higher  velocities  at  some   points  to  prevent   depuaic 
wliere  such  deposits  would  he  a  disadvanUige. 

TABLE  LVII 
Experiments  o>-  Open  Chasm  els 

Nambers  1  ta  IT  we  eiperSments   b;  Dan.';  and  Bar.ln   raken    tram  thi 

Bydrauliijuet.    The  symbol  /?■  //■  toUawed  by  B  namber  raters  u>  the  pages  In  i 
biiok;   Uie  Bymbol  D,  &  B.  followed  by  a  niuubur  JDdioaMs  (heir  ■erial  number 

(1)  SemicticnUi ;  D  =  4.101';  lining,  neat  cement;  slope  of  botl'«om 
-  .0015;  D.  &  B.  24;  R.  H.  428. 
r  SXti  3.72  4.1H  4.60  4.S7  5.12  3,29  5.51  5.75  5.01  6.06  «.ll 
R  .886  .503  .605  .882  .750  .800  .867  .015  .949  .902  1.029  l.oa4 
C        120      138     138     144     145     147     147     149     152  153      15*        1  o3 

(2)  SemidicuUr ;  D  =  4.101';  lining,  )  cement,  J  very  fine  sand;  slope    of 
bottom  =  .0015;  D.  &  B.  25;  R.  IT.  430. 

V    2.87    3.43    3.87    4.30    4.51    4.80    4.94    5.20    5.38      5.48      5.55      5.«l 
R    .379    .539     .635    .706     .737    .8.39    .000    .941    .984    LOOT    1.021    1.03& 

C      121      122      125      132      131      135      1.34      rw      140        141        142  X- 

(3)  SemicircnUr ;     i>  =  4.583';     lining,  planlcs;    alope  of   bottom  =  .OOS 
D.  &  B.  2G ;  R.  H.  432. 

F    2.61  353  3.71  4.04  4.25  4.51  4.64  4.87    5.00     5.18     559     5.45     S--^ 

R     .:1M   .537   .632   .717   .796   .858   .921    .064    1.015   1.054    1.096   1.120   I 

C     108    114    121    123    123    126    125    128      128      130      130      1*2       1^31 

(4)  SemicircuUr ;  D  =  4.002' ;  lining,  srasll  grayel  (1  lo  2  cm.)  » 
lOTiiient;  alope  of  bottom  =  .0015;  D.  &B.  27;  R.  tf.435. 


(5)    RactAngnlai;    width,  5.Q43';   lining,  neat  cement;    slope  of  boCtof 
.0(rtO;   D.  &B.  2;  R.  ff.  336. 


!7      132      135      136      1!6      137       137       138      1^3* 


6.45 

6.71 

6.90 

7.15 

.628 

.662 

.698 

.727 

116 

118 

118 

120 

6.47 

6.60 

6.72 

.697 

.739 

.779 

111 

110  • 

100 
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(6)  Rectangnlar;    width,  6.529';    lining,  planks;    slope  of  bottom  =  .0049 ; 
D-  &B.  7;  R.H.S7S, 

V  2.71  3.70  4.35  4.85  5.29  5.61  5.93  6.23 
R  .188  .272  .342  .402  .453  .504  .547  .587 
C      89       101      106      109      112      113      115      116 

(7)  Rectangular;    width,  6.27';    lining,  bricks  laid  flat;     slope  of  bottom 
=  .0049;  D.  &  B.  3;  iJ.  H,  361. 

V  2.75  3.66  4.18  4.72  5.10  5.33  5.68  6.01  6.15 
R  .192  .2^4  .365  .424  .481  .540  .582  .620  .668 
C      90       98       99      104      105      104      106      109      107 

(8)  Rectangular;  width,  6.01' ;  lining,  small  gravel  (1  to  2  cm.)  set  in  cement 
mortar ;  slope  of  bottom  =  .0049 ;  D.  &  B.  4 ;  R,  H.  364. 

y  2.16  2.95  3,40  3.84  4.14  4.43  4.64  4.88  5.12  5.26  5.43  5..57 
R  .250  .357  .450  .520  .588  .644  .700  .746  .785  .832  .872  .910 
O      62        71      -73        76        77        79        79        81        83        82       83       83 

(9)  Rectangular;   width,  6.106';  lining,  gravel  (3  to  4  cm.)  set  in  cement 
mortar ;  slope  of  bottom  =  .0049 ;  D.  &  B.  5 ;  R.  H,  367. 

^  1.79  2.43  2.90  3.27  3.56  3.85  4.03  4.23  4.43  4.60  4.78  4.90 
^  .291  .417  .510  .587  .656  .712  .772  .823  .867  .909  .946  .987 
^'      48       54        58        61        63        65        66        67        68        69        70       70 

(10)  Trapezoidal ;  bottom  width,  3.281',  top  width,  6.56 ;  side  batter,  1  to  1 ; 
^UUng,  planks;  slope  of  bottom  =  .0015  ;  D.  &  B.  21 ;  R.  H.,  417. 

^  2.39  2.93  3.35  3.62  3.85  4.03  4.20  4.39  4.51  4.64  4.76  4.87 
^  .3:34  .485  .586  .673  .744  .809  .864  .911  .959  1.002  1.047  1.097 
^       107     109     113     114     115     116     117      119     119      120       120       120 

C^l)  Triangular ;  side  batter,  1  to  1 ;  lining,  planks ;  slope  of  bottom  = 
•<><M9;  D.  &  B.  23 ,  R,  H.  423. 

^'  4.13  5.02  5.56  6.03  6.36  6.59  6.83  7.03  7.23  7.40  7.54  7.75 
-'^  .327  .422  .494  .549  .597  .643  .683  .719  .752  .783  .814  .839 
^       103      110      113      116      118      117      118      118      119      119      119      121 

(12)  and  (13)  Trapezoidal;  nearly  rectangular,  bottom  width,  5.91';  side 
^^tter,  1  to  10;  lining,  rubble  masonry  pointed  with  cement;  side  walls  in 
*^tter  condition  than  bottom,  which  was  broken  in  places,  especially  in  the 
*^W€r  portions,  having  a  slope  of  0.037 ;  furthermore,  the  bottom  was  covered 
^^th  a  light  deposit  of  sticky  mud.    R.  H.  446-447. 

D.  &  B.  32. 
Bottom  slope  =  .101 

^'  12.8  16.2  18.7 
^  .324  .467  .580 
^         68  75  77 


D.  &  B.  33. 

Bottom  slope  =  .037 

21.1 

V 

9.04    11.5    13.6 

15.1 

.662 

R 

.424    .620    .745 

.852 

82 

C 

72     76     82 

85 
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(14)  and  (15)                      il:  hottotn  width,  5.91'  U>  O.Stt';  aide  hatter,  3  K.  S 

iAiiig.  drv  maw         ..           er  p()or  coiuiilion ;  two  Mrji-s  on  the  same  chanups 
8.  //.  iiS-Ail. 

D.  « 

Walls  coniplewij       v,  .-ed  with  D.  &  B.  35 

vegetable  growtiia  Walla  carefully  clettne<l 

Bottom  slope  =  .0146  Bottom  slope  =  .0112 

r      4.19     5.75      7.20      8.27      8.98        F  5.68     7.36     8.114      10.1      11 

R      .858    1.087    1.383     1.586     1.694        S  .703     .830    1.227     1.304    1.4^ 

C       38        46        51         54        67          C  57        64        68        72        7— 

(16)  and  (17)    Trapetoidal;  side  batt«r  about  2.3  to  1  ;  lining,  rough 
R.  il.,  454—446;  two  parte  of  sume  chaiiuel 
]>.  &  B.  49 

Bottom  widtli.  U.44'  D.  &  B.  m 

Bottoni  and  slopes  rough  but  quite  Bottom  width.  6.2B' 

regular  and  completely  free  of                     B  3m  and  slopes  rough  with  cc^— ■  n- 

Tegetable  growth  liderable  vegetable  growth 

Slope  of  bottom  =  .000367  Slope  of  bottom  =  .00033 

V         .89         1.34        1.38        1.47              V  .82         1.26        1.30       1  -t[ 

R          .98         1-32        1.S7        1.78             R  1.05        1.42        1.65       I  _■■« 

C          57          70           09           6Q               C  45           62           58           S-l 

(18)  Sndbnn'  Aqueduct  of  the  Metropolitan  W.  W.,  Boston;  horsest*** 
shapB[fi.O'  wide  x  7.7'  liigh  (inside  dimeiiaious) ;  hard  brick  lining,  w«^1 
laid.  Experiments  of  FteLey  &  Stearos.  Tmnt.  Am.  Soc.  C.  E.,  vol,  12,  f>I>- 
114-117;  the  aqoednct  being  new.    Bottom  slope  =  .000189. 

Values  of  C  tor  various  values  of  R 

«      .5       .6       .7       .8       .8       1.0     1.2     1.4     1.6     1.8     2.0     2.2     2.4 

C     117    119    122    124    12.T     127     130    132    134    136    138    139    140 

Limits  of  experimental  velocities,  .5  to  2.33. 

The  following  formula  will  give  results  identical  with  the  vain  • 
immediately  preceding : 

V  =  127  m'^  S""". 
Ill  a  portion  of  the  conduit  (600  feet  long)  chosen  on  accou. 
of  its  uniformity  of  section  and  grade,  the  surface  was  scrap 
clean;  in  this  case  the  flow  was  represented  by  the  formula: 

In  a  portion  of  the  coniluit  lined  with  a  coating  of  neat  cen 
mortar,  the  following  forniuU  very  nearly  represented  the  flov 
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In  -fcnnnel  through  rock  (4614  feet  long)  in  which  the  rock  sides 

hai  l>^en  left  ragged  for  4362  feet  without  lining,  but  with  smooth 

coacrete  floor,  the  rock  excavation  being  at  no  place  less  than  2 

ieet  ^vider  than  the  brick-lined  section,  the  following  formula  very 

nearly  represented  the  flow:  * 

F  =  96 IP-^  aS^-*. 


20  years  in  service  with  a  collection  of  one  year's  slime 
the  flow  was  represented  by  : 

r=  129  QBS^K 

One  month  later,  after  being  cleaned  : 

r=143(Bi8')*. 

(lO)  Cioton    Aqueduct,   New  York  Waterworks;    horseshoe   shape,    13.6' 

'^de    X  13.53'  high  for  about  126,000  feet,  of  circular  form ;  12.25'  diameter 

«>r  al>oat  35,000  feet,  and  for  short  distances  somewhat  varied;   hard  brick 

'^ing'    well   laid;    Aqueduct   Commissioners*  Report^   1895,   p.    97.      Slope    of 

*>ottona  =s  .00013257.    Values  of  C  for  various  values  of  R, 


R 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

C 

119 

126 

130 

132 

133 

134 

134 

^he  flow  was  represented  by  the  formula : 

r=124i?>-*«AS<>-*. 
9J  years'  use  a  measurement  reported  by  J.  R.  Freeman  at 

r=  2.3  gave  (7=  105  (in  the  Chezy  formula). 

0^)     Lake  Katrine  Aqueduct,  Glasgow,  Scotland,  Corporation  Waterworks; 
bo^^^hoe  shape,  straight,  5763  feet  long ;  lO'  wide  x  9'  high,  lined  with  coii- 
^jtete  for  about  .53  of  its  length,  and  unlined  rook  12'  wide  x  9'  high,  with 
cottcrete  bottom,  for  .47  of  its  length. 

^^riments  by  A.  F.  Bruce,  Proc.  Imt.  of  C.  E.,  vol.  123,  p.  414. 

Bottom  slope  =  .0001818 

2.108  2.216  2.128  2.155  2.175  2.206  2.233 

1.471  1.490  1.498  1.500  1.547  1.599  1.607 

129  135  129  130  130  129  131 

.0123  .0119  .0124  .0123  .0124  .0125  .Ol'J.l 

2.226  2.245  2.255  2.259 

1.611  1.621  1.627  1.740 

130  131  131          127 

.0125  .0124  .0124  .0129 


V 

1.871 

2.069 

fi 

1.227 

1.471 

c 

125 

127 

n 

.0123 

.0125 

V 
R 
C 

n 
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•tvj: 

(21) 

Brick  Sewer*; 

;    Metropolitan   Sewerage   Board,   Boaton;    hard 

Uniug. 

Eiperimenta 

by  R. 

E.   Ilorton,   Tra,».  Am.  Sac.  C.  E.,  *ol.  «, 

Shape, 

basket-handle  i 

6'  « ide   ^  G.Q 

7'  liigli ;  lining,  brick,  cement  wa^ei 

6loj«  =  .0005 

1806 

V 

!.90 

2,46      2,82      8.13      3.44 

after  10 

R 

.oaa 

.058     1.187     l.a87    IMS 

C 

107 

112       115       lia       134 

use 

n 

.0129 

.0131    .0132    .01.^3    .0130 

1997 

r      2.97 

3.18 

1900         V       2.66       2.86 

after 

R       1.54 

1.65 

after        ^      jg^g     1.508 

2  yean 

L-     ^       ^'''' 

111 

»'=.■    c      ™      1« 

u«e  1       -0140     .0147  uw  r,       .0151      .01.52 

Shap^  cinnilar,  9  feet  in  diameter ;  aame  lining.    Slope  of  bottom  =  .O 
1896     r      1.5B      2.21      2.70      8.03      8.48      8.73      4.18 
R      .619      .928     1.208    1.408    1.830    1.999    2.309 


.0122    .0117    .0116    .0115    .0117    .0116    .0115 


1897     r      2.56 


2.90 

3.06 

8.18 

1900     V 

2.38 

2.82 

1.560 

1.762 

1.771 

R 

1.120 

1.606 

127 

126 

131 

C 

119 

121 

.0127 

.0120 

.0126 

n 

.0130 

.0132 
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TABLE  LVIII" 

Values  or  C  st  Kvttek'b  Formula 

t  =  .0010 


c™™.„„h™,. 

X 

XWB 

.01  !.oii 

.012 

.013 

.015 

.017  .02 

.025 

.03 

.085 

.04  |.015,.05 

'*« 

1    1 

.1 

108 

94 

82 

73 

65 

53 

45   35 

28 

20 

16 

14  12   10 

-2 

130 

113 

100 

89 

80 

88 

56   45 

34 

26 

21 

18   16   U 

^ 

142 

124 

111 

00 

89 

75 

64 

52 

39 

31 

25 

21  '  18  18 

A 

151 

182 

118 

106 

96 

80 

69 

56 

42 

34 

28 

24  20  18 

.S 

162 

143 

128 

115 

105 

89 

77 

63 

48 

38 

32 

27   24   21 

.8 

170 

150 

135 

122 

112 

95 

82 

88 

52 

42 

35 

30   2«   23 

I 

17o 

156 

140 

127 

117 

SO 

86 

71 

55 

45 

38 

33  2S  1  25 

1.5 

185 

188 

liiO 

l:J6 

125 

108 

04 

78 

61 

50 

43 

37   33  '  29 

2 

191 

171 

155 

141 

130 

112 

08  1  83 

65 

54 

46 

40 

.35   31 

3 

199 

180 

ISB 

149 

138 

119 

105 

89 

71 

50 

51 

44 

;ll>  ;!.') 

3 .28 

201 

181 

165 

151 

139 

121 

107 

91 

72 

60 

52 

45 

M\     36 

4 

205 

181 

168 

1&4 

143 

124 

110 

93 

75 

63 

54 

48 

42   38 

« 

211 

190 

174 

180 

149 

130 

115 

99 

80 

68 

59  52  >  46  42 

8 

215 

195 

178 

165 

153 

134 

119 

103 

84 

71 

62  55  ,  50  45 

10 

218 

193 

181 

167  !  155 

137 

122 

105 

67 

74 

64 

58  1  52  47 

15 

tn 

202 

188 

171 

160 

141 

127 

110 

91 

78 

68 

02 

56   51 

20  1  336 

205 

188 

174 

16:j 

144 

120 

113 

94 

80 

72 

64 

59   54 

30   220 

200 

1»2 

178 

le- 

147 

133 

lie 

97 

84 

75 

67 

62   53 

40   231 

211 

IM 

180 

189 

150 

135 

119  1  99 

87 

77 

70 

65   60 

00  |a33 

213 

197 

18:1 

171 

153 

133 

121  102 

89 

81 

73 

67   63 

eo 

\m 

215 

108 

184 

17;t 

154 

130 

122  104 

^ 

82 

75  '  7(1  6.) 

*Caiiipat«d;  bat cbecked  bom  T-mi\Mia.i't Pocktt Book,  »xii  TheFhtuio/  Watfr.eXc. 
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TABLE  Lvnr 
VALras  OF  C  by  Kuttiir's  Formdla 

»  =  .0002 


I 


](««««.■ 

"X 

.008 

.01 

.011 

.012 

.013 

.013 

.017 

.02 

.025 

.03 

.035 

.04 

.045  m 

f«t 

.1 

HO 

80 

75 

66 

59 

48 

41 

■93 

34 

18 

15 

13 

11   D 

-15 

113 

97 

8,'. 

76 

as 

56 

47 

38 

28 

22 

IS 

15 

M  II 

.2 

121 

10.) 

02 

»\ 

74 

61 

52 

42 

31 

24 

20 

17 

U  1.^ 

.3 

ISI 

117 

104 

B3 

M 

70 

59 

48 

39 

29 

2+ 

20 

17  la 

.4 

\\H 

laa 

112 

101 

91 

76 

65 

53 

40 

3S 

26 

23 

IB   17 

.a 

130 

Ids 

]3i 

111 

101 

85 

i3 

60 

4S 

37 

31 

26 

23 

ao 

» 

IM 

US 

131 

118 

108 

81 

79 

65 

50 

41 

34 

29 

35 

23 

1 

171 

\m 

1»7 

124 

113 

ti6 

&t 

69 

54 

44 

37 

31 

27 

24 

1.5 

1S2 

1U:1 

147 

\U 

1'2.-| 

105 

92 

77 

60 

49 

41 

36 

32 

2a 

■J 

ISfl 

170 

1»4 

140 

129 

III 

07 

82 

64 

U 

*5 

39 

35 

31 

3 

300 

179 

163 

ua 

l;!7 

119 

liXi 

89 

72 

59 

51 

45 

40  (  36 

8.iM 

201 

Itt! 

165 

151 

i-to 

121 

107 

91 

72 

60 

52 

45 

40 

» 

\ 

205 

185 

16S 

155 

14! 

125 

111 

94 

76 

63 

55 

48 

43 

3& 

a 

'lU 

183 

176 

163 

151 

1.^2 

117 

100 

82 

69 

60 

m 

47 

*1 

K 

'its 

WS 

181 

168 

155 

138 

122 

101 

86 

73 

M 

57 

51 

.«fl 

II) 

22-2 

ao2 

IM 

171 

15!l 

140 

125 

los 

88 

76 

06 

59 

*( 

^0 

l."t  :f28 

at: 

190 

176 

1&4 

145 

130 

114 

M 

81 

72 

64 

5S 

2U  1  •-'  11 

20a 

IM 

181 

16S 

I4B 

134 

117 

98 

85 

75 

67 

63 

*-' 

;mi  '  iva 

215  '  IftS 

IH 

172 

153 

139 

122 

103 

SS 

79 

72 

6« 

ff- 

HI   317 

21s  201 

ls-7 

17.1 

156 

142 

12.1 

105 

92 

82 

75 

68 

5^ 

Ml'   :!W  231  '  an 

IM 

173 

160 

145 

133 

109 

95 

86 

7S 

73 

6^ 

N* 

243  1  222  1  206 

193 

\m 

163 

U7 

130 

111 

aa 

88 

61 

75  7(^ 
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TABLE  LVIU 
r  C  BT  Kuttir'b  Formula 
»  =  .OO01 


5^ 

—  "  — 

tL 

,000 

.01 

-Oil 

-012 

.013 

.015 

.017 

.02 

.025 

.03 

.035 

.04 

.045 

.05 

'•n 

.1 

01 

78 

8fl 

61 

54 

44 

37 

30 

22 

17 

14 

12 

m 

9 

.15 

103 

90 

"9 

70 

m 

51 

43 

35 

26 

20 

17 

14 

12 

11 

.3 

112 

U8 

87 

77 

69 

57 

48 

89 

29 

23 

19 

la 

U 

12 

3 

\2r, 

110 

98 

88 

79 

65 

56 

45 

34 

27 

22 

19 

10 

1 4 

A 

m 

119 

108 

96 

86 

71 

61 

50 

38 

30 

25 

21 

18 

16 

.S 

150 

132 

118 

106 

96 

81 

70 

57 

44 

35 

29 

25 

22 

19 

Ji 

laS 

HI 

120 

114 

104 

88 

76 

63 

48 

.S9 

32 

28 

2t 

21 

I 

166 

147 

132 

120 

109 

93 

81 

67 

52 

42 

35 

31 

27 

24 

U 

ISO 

160 

IW 

131 

120 

103 

90 

7.') 

59 

48 

41 

35 

31 

28 

2 

ISS 

168 

151 

138 

127 

109 

96 

81 

84 

B2 

45 

39 

34 

30 

3 

198 

178 

162 

H9 

137 

119 

104 

89 

71 

59 

51 

45 

39 

35 

128 

201 

181 

165 

151 

139 

121 

107 

90 

72 

60 

52 

45 

40 

36 

4 

aoa 

188 

109 

155 

143 

125 

HI 

94 

7C 

64 

55 

49 

43 

39 

Q 

215 

195 

178 

164 

152 

133 

118 

102 

8:1 

70 

ai 

64 

4H 

44 

8 

220 

201 

185 

170 

158 

139 

124 

107 

88 

75 

fi5 

53 

32 

47 

10 

226 

205 

188 

174 

162 

143 

128 

111 

92 

78 

60 

61 

5:. 

60 

15 

Zi% 

212 

19.1 

182 

169 

150 

1.^5 

118 

93 

84 

74 

67 

Bl 

56 

SO 

2S7 

217 

200 

186 

174 

1,54 

130 

122 

102 

89 

79 

71 

04 

.59 

39 

213 

222 

206 

191 

179 

160 

Uo 

128 

107 

04 

84 

76 

70 

05 

10 

SIS 

228 

210 

195 

18^1 

163 

149 

133 

111 

98 

88 

SO 

73 

(i.-! 

BO 

251 

230 

213 

199 

188 

168 

153 

136 

115 

103 

92 

S5 

7tt 

74 

80  lay 

232 

215 

202 

190 

171 

156 

139 

119 

100 

90 

SS 

81 

76 
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TABLE   LIX 
Valubs  of   C  bv  Bazik'a  New  Formula 


Clu*  I 

CUHlI 

CuHllla 

Oi*.  III» 
Cu*l>  with 

.^„ 

Guar 

UuN 

Very  Bmootb 
PUd«d  Wood 

hoai: 

RoQgh  Hor- 

Mlied  Un- 

EluIhCuilf 

EirUilkati 

Aihlv' 

InOrdUii^ 
CoddWon 

UM 

r-.iQ. 

T-.KO 

r..M 

r_i.M 

r-SM 

r-i" 

a 

117 

82 

43 

27 

18 

14 

.2 

127 

»« 

5.1 

35 

23 

111 

A 

131 

103 

63 

41 

30 

■a 

A 

135 

108 

88 

46 

33 

28 

.8 

138 

115 

76 

53 

39 

81 

.8 

141 

118 

82 

53 

43 

35 

1.0 

142 

122 

8«t 

62 

47 

39 

'UV} 

145 

127 

S4 

70 

.14 

44 

2.0 

146 

181 

m 

T5 

59 

411 

3.0 

148 

135 

IWI 

83 

67 

iA 

4.0 

150 

138 

111 

8B 

72 

n 

fl.O 

151 

141 

us 

97 

80 

flft 

8.0 

I.'-.2 

143 

122 

102 

86 

D 

10.0 

l.'>2 

145 

125 

lOfi 

90 

7i> 

1.-..0 

1.^8 

147 

130 

113 

98 

m 

2(1.0 

I.VI 

IIM 

l:i;! 

117 

103 

92 

:iiui 

l.v. 

i:.o 

137 

123 

no 

m 

4(i-'i 

i.-.r> 

151 

13fl 

127 

115 

]()3 

m.t\ 

i.).'> 

151 

111 

12W 

118 

m 

mi.o 

i:..-> 

152 

142 

i:il 

121 

112 

Problema 

1.  Compute  the  mean  hydraulic  radii  (a)  for  a  circular  channel  2  fee'*' 
iliaiupler  nhen  flowing  at  the  following  depths:  )  foot;  1  foot;  1)  fc^ 
Biiil  full ;  and  (h)  for  a  channel  2  feet  Bquiire  when  flowing  at  the  same  dejiC- 

3.  Compute  Ihe  mean  velocity  and  the  mean  hjdrauHc  radius  of 
IriipMnidal  channel  5  feet  wide  at  the  Iwttom.  and  having  side  slopes  2  t.> 
whoii  running  l.tl'i  feet  deep  and  discharging  .10  cubic  feet  per  second. 

3.  .\  woixi.'n  flume  2M0  feet  long.  6  feet  by  0  feet,  made  of  plank  1^ 
leuv-iini  !■«.-:  slope  =  .0002.  (<i)  What  is  the  discharge,  when  the  ni^-' 
h>,li:iuli,- nidiusis  1.41?     (M   What  velocily  ? 
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aid  be  the  maximum  discharge  through  a  20-inch  vitrified 
on  a  slope  of  0.0003?    What  will  be  discharge  when  R  is 

the  discharge  in  cubic  feet  per  second  through  a  brick- 
wer,  18  inches  in  diameter,  grade  1  in  200,  when  flowing 
iches. 

neter  of  circular  sewer,  if  of  concrete,  would  be  needed  on  a 
to  cany  1200  cubic  feet  per  minute  at  its  maximum  flow  ? 

neter  of  circular  sewer,  if  of  brick,  would  be  required  on  a 
to  carry  150  cubic  feet  per  second,  flowing  }  full? 

grade  should  be  given  a  20-inch  vitrified  pipe  sewer  to 
ibic  feet  per  minute  when  flowing  }  full?  (6)  For  the 
compute  the  maximum  discharge. 

bhe  discharge  through  a  rectangular  channel  ;  bottom  of 
s  of  rubble  masonry.  Depth  of  water,  10  feet ;  mean  width 
ope,  1  in  5000. 

ctangular  channel,  lined  with  planks,  11  feet  wide,  maximum 
feet.  When  free  from  ice,  the  discharge  is  7.48  million 
Find  the   mean  velocity  and  how  much  the  discharge  is 

3  formed  on  top,  but  the  depth  of  the  water  remains  the 

canal  with  bottom  80  feet  wide  in  gravel,  side  slope,  2  to  1. 
2  feet  in  a  mile.    Depth  of  water,  7  feet.     What  will  be  the 
feet  per  second  ? 

•  tunnel  is  made  of  hard  brick,  carefully  pointed.  It  is 
ter  and  7166  feet  long,  (a)  When  flowing  full  of  sewage 
hydraulic  grade  line  was  .079  per  1000,  and  n  =  .0195. 
lischarge?  (b)  When  carrying  f  clear  water,  J  sewage  ^ 
1000,  n  =  . 014.     What  was  the  discharge? 

I  to  be  built  to  discharge  1000  cubic  feet  per  second.  Com- 
ss  section  having  a  bottom  slope  of  .0002:  (a)  in  gravel, 
jctangular  with  dry  rubble  bottom  and  sides,  and  (d)  rectaii- 
l/C  bottom  and  side  walls.    Determine  whether,  in  (6),  scouring 
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DTNAMIC    ACTION    OF   FLOWING  WATER 

419.    Definitions  and  nomenclature. 

Absolute  velocity  ia  velocity  relative  to  a  point  on  the  eartl*' 
sui'fitce. 

Relative  velocity  is  velocity  relative  to  a  point  on  some  bo^^ 
stationary  or  moving;  if  tbe  body  is  stationary,  relative  veloci**^ 
is  the  same  as  absolute  velocity. 

Direction  of  forces  and  motion  will  be  stated  iu  degrees  frot-- 
0°  to  3'J0°  measured  from  the  zero  end  of  tlie  X-axis. 

For  a  stationary  solid  tbe  X-axis  will  be  homoDtal;  and  anglee=* 
will  read  contra-clockwise,  as  in  trigonometry. 

For  motion  in  a  straight  line,  the  X-axis  will  be  the  line  ofc 
motion  of  the  solid;  and  the  direction  of  its  motion  will  be  0°. 

For  circular  (or  curvilinear)  motion,  the  X-axis  will  be  a  tan-^ 
gent  to  the  path  of  motion  of  the  solid  at  the  points  where  ih^ 
water  enters  or  leaves  the  solid;  and  the  direction  of  its  motioc-' 
will  be  0°. 

In  certain  types  of  water  motors,  the  water  enters  and  leave* 
the  vane  at  practically  a  constant  distance  from  the  center  of  rota, 
tion.  In  other  types  the  points  of  entrance  and  exit  are  at  differ 
ent  distances  from  the  center  of  rotation ;  in  this  latter  case  ther* 
will  be  two  sets  of  axes  of  reference. 

Forces  and  motion  are  assumed  to  be  in,  or  reduced  to,  a  coic 
mon  plane,  or  parallel  planes. 

Forces  will   be   expressed   in   pounds;   velocities,  in  feet  pw 

;ond ;  areas,  in  square  feet ;  lieads,  iu  feet ;  intensity  of  pressure 
in  pounds  per  square  inch  measured  from  atmospheric  pressure 
work,  in  foot  pounds  per  second. 

1"=  a  constant  force  producing  a  change  in  velocity,  dlr^ 
tion,  position,  or  pressure. 
374 
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FxS,nd  Fy=^  X  s,nd  J^  components  of  F. 

P  s  a  constant  force  equal  in  magnitude  to  Fy  but  opposite 
in  direction  =  P  cos  180**  =  jP  x  —  !• 

Px  and  Pr=  X  and  T  components  of  P. 

F^=the  component  of  the  original  velocity  parallel  to  the 
line  of  action  of  F 

Vi  =5  the  component  of  the  final  velocity  parallel  to  the  line 
of  action  of  F. 

j-  =  the  constant  acceleration  or  retardation   in   feet  per 
second  per  second  parallel  to  the  line  of  action  of  F. 

Va  =  absolute  mean  velocity  in  a  channel  of  approach. 

Fl  =  absolute  mean  velocity  from  guide  vanes  or  nozzles; 
absolute  entrance  velocity. 

Fi  =  absolute  mean  velocity  from  a  wheel  vane  or  vessel ; 
absolute  exit  velocity. 

Vfi  =  relative  mean  velocity  at  entrance  to  a  vane  or  vessel. 

Vi  =  relative  mean  velocity  at  exit  from  a  vane  or  vessel. 

S^  velocity  of  the  point  of  application  of  a  force. 

a  =s  angle  of  absolute  velocity  at  entrance,  direction  of  F^. 

j8  =  angle  of  relative  velocity  at  entrance,  direction  of  v^. 

S  =  angle  of  relative  velcKjity  at  exit,  direction  of  v^. 

€  =  angle  of  absolute  velocity  at  exit,  direction  of  V\. 

(*A^  ^M  <^fi^  &nd  Ui  =  cross-sectional  areas  of  a  stream  or  jet 
measured  at  right  angles  to  the  direction  of  flow; 
each  area  corresponding  in  the  order  named  to  the 
velocities  F^,  FL,  V/i,  and  »«. 

F^  Energy  expended,   work    done,   in  foot    pounds  per 

second. 
Tr=  Weight  of  a  solid,  or  of  volume  of  water,  in  pounds. 
tv  =  62.4  pounds,  weight  of  a  cubic  foot  of  water. 
Q  =5  volume  of  flow  in  cubic  feet  per  second. 
ff  =  acceleration  due  to  gravity  in  feet  per  second  per  second, 
=  82.16. 

20.   The  force  required  to  produce  acceleration  or  retardation, 
onstant  force  F  which,  acting  upon  a  body  weighing  W,  will 
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cause  an  acceleration  or  retardation,  Sv,  in  an  interval  of  time,  £(. 
may  be  found  as  follows  : 

9  U      g  t  ^  ' 

Or  Fht  =  ^&v ;  andJV  =  ^(  F.  -  K).  (2) 

9  9 

The  impulse,  therefore,  which  is  the  product  of  the  force  mul- 
tiplied by  the  time  during  which  it  acts,  equals  the  change  in 
momentum  in  the  same  time.  If  the  time  be  one  second,  Ji,  the 
impulse,  equals  F,  the  force  itself. 

A  stream  of  water,  or  other  Buid,  impinging  upon  a  solid  body 
which  is  stationary,  or  moving  at  a  different  velocity  or  in  a  differ- 
ent direction  than  the  stream,  will  by  the  impact  or  collision  bave 
its  velocity  or  direction  changed  ;  and  in  the  process  impart  to  the 
body  itself  a  force  or  pressure,  which  is  equal  in  magnitude,  but 
opposite  in  direction,  to  the  force  (frequently  called  the  reactiou) 
which  is  exerted  by  the  body  upon  the  stream. 

In  hydraulic  problems  dealing  chiefly  with  continuous  streams, 
not  isolated  bodies  of  water,  the  exact  interval  of  time  in  which 
the  change  in  velocity  or  direction  occurs  can  rarely  be  determined. 
It  is  only  necessary,  however,  to  consider  the  weight  of  the  mass 
of  water  which  acts,  or  is  acted  upon,  in  one  second. 

If  Q  is  the  rate  of  discharge  of  a  stream  in  cubic  feet  per  second: 
then  If^in  equation  (2)  corresponding  to  a  time  (()  of  one  Becoud 
equals  wQ  pounds  per  second. 

Then  equation  (2)  becomes  J'=^(K-  K).  (3) 

9 

F  is  the  constant  force  which  must  be  exerted  on  the  water  ^ 
change  the  velocity  of  Q  cubic  feet  per  second  from  V^  to  Kj  fe^* 
per  second. 

f^  and  V-^  are  the  components  of  the  original  and  final  veloci*)' 
in  llie  line  of  action  of  the  force  F. 

421.    The  componeots  of  F  for  any  givea  set  of  axes.     The  hofi' 
zonta!  or  X components  of  tlie  original  and  final  velocity  are; 
for  absolute  velocities  V^=  V^  cos  a,  and  Vi=  V,  cos  e;   (■*) 
for  relative  velocities    I'J,  =  ^s  '■^'^^  A  and    K,  =  t>(  cos  S.     (5) 
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Tlxe  horizontal  or  X  component  of  F^  by  (8)  is : 
Pjr  =s  — (  V^  cos  €  —  Fl  cos  a),  in  terms  of  absolute  velocity ;  (6) 

OT  P^=  ^^(va  cos  S  —  V/i  cos  )9),  in  terms  of  relative  velocity.     (7) 

The  vertical  or 
Y  components  of 
the  original  and 
final  velocities  are : 

for  absolate  veloci- 
ties 

^  =  F«  sin  Oy  and 
Fi  =  r.sin€;   (8) 

for  relative  veloci- 
ties 

FJj  =  »^  sin  fii  and 
^\  =  Vi  sin  S.     (9) 

Tlie  vertical  or 
y' component  of  jP, 

J  \ii)  18  :  yjq.  142.  —  Velocity  Diagrams  for  a  Moving  Vane. 

J^^=:  ^^(F^  sin  €—Va  sin  a),  in  terms  of  absolute  velocity ;  (10) 


9 


or 


-^r=  — (va  sin  S  —  v^  sin  y8),  in  terms  of  relative  velocity.   (11) 

*22.  The  force  or  pressure  exerted  on  a  body  in  consequence  of 
changes  in  motion  of  moving  water,  in  contact  with  a  body, 
necessarily  implies  a  resistance  equal  in  magnitude,  opposite  in 
d^i'ection,  and  having  a  common  point  of  application.  The  body 
™^t  therefore  have  suflScient  strength  in  its  material  to  withstand 
"^^  stresses  set  up  by  the  force,  and  must  supply  in  itself  or  trans- 
^^t  from  other  external  forces  resistance  equal  to  the  force  exerted. 

The  force  exerted  upon  moving  water  to  change  its  velocity  or 
"^i^tion  sets  up  an  equal  and  opposite  force  which  is  exerted  on 
^^^  body  by  the  water ;  and  its  value, 


P  =  J'cosl80°  =  J'x(-l)  =  '^(T^,-  Ti). 

if 


(12) 
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423.  The  components  of  P  for  any  given  set  of  axes. 
Tiie  horizontal  component. 

Px=  — [  r^ cos  a—  V,  0O8  e\  in  terms  of  absolute  velocity;  (13) 

_  ^^{ve  cos  ^  — «i  C08  S],  in  terms  of  relative  velocity.      (U) 
The  vertical  component, 
P^=!^f  C^sin  11—  K sin  c),  in  terms  of  absolute  velocityj  (15) 

=  E."(  (ij  sill  >3 — wjsin  S],  in  terra  .  of  relative  velocity.       (16) 

424.  The   equations   above  derlvt      (1  to  16)  are  general,  ana 

applicable  either  to  stationary  or  moving  bodies. 

Either  absolute  or  relative  velocities  may  be  used  in  computing 
forces  or  work  due  to  changes  in  tlowing  water  while  in  conuet 
with  a  body.     The  difference  between  the  component*  of  original  and 
final  ahiolvte  velocitiet  with  reference  to  a  given  axis  eqttalt  thu 
difference  between  the  components  of  original  and  final  relative  veloe- 
ities;  since  tlie  component  of  the  motion  of  the  body  with  reference 
to  the  same  axis  has  a  constant  and  an  equal  effect  on  each  differ- 
ence.    For  convenience  and  uniformity  iinal  results  will  here'" 
as  far  as  possible  be  expressed  in  terms  of  absolute  velocities. 
Inspection  of  the  equations  (1)  to  (16)  shows: 
That  the  magnitude  of  the  force  F  ot  P  depends  upon  : 
The  weight  of  water  delivered  every  second  by  the  stream; 
The  change  in  velocity  and  direction  at  entrance  and  esi'' 
.  tlie  ale  ;>raic  difference  between  the  components  of  origi*'^ 


and  final        [city  parallel  to  the  direction  of  J* or  P. 


of 


That  tne  magnitude  of  f  or  i*  Is  independent  of  the  radial 
curvature  of  the  path  of  the  stream  during  contact  vrith  a  bc»<')  ' 
except  in  so  far  as  the  smoothness  and  gradual  curvature    "'■" 
crease  friction  losses,  and  in  so  far  as  curvature  determines    * 
direction  of  entrance  and  exit  velocities;  hence  theoretically  "' 
path  may  be  simply  bent  at  an  angle,  not  curved ; 

That  the  direction  of  the  force  Foi  P  depends  upon  the  algebnH*^ 
sign  (+  or  —  )  of  the  algebraic  difference  between  the  component'^ 
of  original  and  final  velocities  with  reference  to  the  given  axe* 
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\f  an  X  component  foi'ce  has  a  plua  sign,  its  direction  is  0° ;  if  a 
niiuus  sign,  its  direction  is  180°;  if  a  F"  component  force  has  a 
plus  sign,  its  direction  is  90° ;  if  a  minus  sign,  its  direction  is  270°. 
The  direction  of  J*  or  P  may  be  computed  from  the  magnitudes 
t>f  its  Jf  and  F"  components. 

The  point  of  applicatdon  of  the  force  For  P  must  be  somewhere  on 
tlie  solid  between  the  entriince  and  exit  points  of  the  stream.     If  ' 

(tliere  in  a  well-defined  place  through  which  the  resistance  is  trans- 
niitied,  that  place  would  be  the  point  of  application ;  otherwise 
it  will  usually  be  indeterminate. 

135.  The  effect  of  a  force.  If  a  body  is  at  rest  and  opposes 
■t  /orce  due  to  changes  in  velocity  or  direction  of  impinging 
"■tter  with  suflicient  resistance  to  overcome  the  tendency  to  move 
f'le  body,  the  force  will  merely  get  up  itresses  tending  to  deform  the 
^>dy ;  if,  however,  the  resistance  is  insufficient  to  prevent  motion, 
^'iB  force  will  not  only  set  up  stresses,  but  will  also  impart  to  the 
WJily  an  onward  motion. 

If  the  body  is  already  in  motion,  the  force  due  to  a  change  in 
Velocity  or  direction  will  in  addition  to  setting  up  stresses  which 
tend  to  deform  the  body,  impart  to  it  a  vhtnge  of  motion. 

426.  The  work  done  by  moving  water  is  due  to  changes  in  velocity 
or  direction,  or  both.  If  a  force  ia  exerted  against  a  resistance 
a»<l  their  common  point  of  application  ia  moving,  work  is  done ; 
Hint  is,  energy  is  expended.  If  St  is  the  distance  traveled  by  the 
I>oiDt  of  application  during  the  period  of  time  (f)  of  the  exertion 
t»f  a  force  F  or  i*. 

The  work  done  =  FSt  =  PSt  (foot  pounds). 

^'ToT■ :   I  in  moat  problems  oonceniing  tlie  work  done  by  flowing  water 
ond;  in  such  cases,  the  diBtance  Si  =  S,  and  the  worlt  done  F.Sl  =  FS. 
iS.7.    Work  done  in  changing  velocity.     If  a  stream  in  a  contact   ' 
^^'th  a  constant  resistance,  which  is  moving  at  the  rate  of  S  feet 
y^T  second,  has  its  velocity  changed  from  I-^  to  K,,  the  work  done 
.     "»  one  second  against  the  stream  equals 

■     0 


on 


W  tile  work  done  by  the  etream  equals 


(18) 
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In  terms  of  kinetic  energy, 

l:=FS.  «.«(|^-  m  "hence  F-  "iS/^-  |i");      («) 

or.  E=PS=.Q(^-m;  whence  i>  =  '^(i:^- il*).    (20) 

If  V^  ia  greater  than  Fj,  the  moving  water  must  have  parted 
with  or  transferred  some  of  its  energy,  and  if  it  is  transmitted  to 
a  suitable  machine,  this  energy  may  be  transformed  into  useful 
work,  as  in  the  case  of  water  motors. 

If  T'l  is  greater  than  V^,  energy  ist  have  been  transferred  to 
the  water  from  some  other  source,  aa  •xi  the  case  of  pumps. 

428.  Work  done  in  changing  elevation.  If  viQ  pounds  of  waUt 
fall  from  a  higher  to  a  lower  elevation  against  a  constant  moving 
resistance,  or  are  raised  from  a  lower  to  a  higher  elevation,  work 
is  performed  ;  in  the  first  instance  by  the  force  of  gravity  in  the 
water,  or  in  the  second  instance  against  the  force  of  gravity.  Tite 
work  done  in  one  second  against  the  stream  equals 

E=FS=wQi\-h^;   whence  F=^(h^-ka);         (SD 
or  the  work  done  by  the  stream  equals 

E=:PS=wQ(ho-h{);  whence  P  =  ^(^o-Ai).  C^^) 

hf^  =  the  uiigiiial  elevation  above  a  datum  pUne  (in  feet). 

Aj  =  the  final  elevation  above  the  same  datum  plane  (in  feet)- 

429.  Work  done  in  changing  intensity  of  preesare.  If  t^^ 
pounds  of  water  per  second  flowing  in  a  closed  vessel  have  *** 
intensity  of  pressure  increased  or  diminished  against  a  const^^ 
moving  resistance,  the  work  done  against  the  stream  equals 

fl_av  „h,„„,r=  Jail's  _av 


E~FS  =  w(}la_nV  whence  i". 


^^ 


or  the  work  done  by  the  stream  equals 

I;=PS=wq(P'>-^\  whence -P=^^-^Y       (3^^ 

yju  =  original  intensity  of  pressure; 
p^  =  final  intensity  of  pressure. 

430.    Equivalent  expressions  for  work.     The    force  exerted    <^^ 

the  energy  expended  in  consequence  of  changes  in  velocity,  dire^' 


► 
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lion,  elevation,  or  pressure  of  moviag  water  may  be  expressed 

according  to  the  conditions  in  which  it  exists  in  terms  of  velocity, 
head  of  water,  or  intensity  of  pressure,  or  in  terms  of  two  or  more 
ff^rma.  All  expressions  may  be  freely  intercon verted  to  facilitate 
computation  by  the  equivalent  expressions  in  feet; 


If  a  stream  divides  upon  entering  a  channel,  or  follows  diverging 
patlis  through  a  chacinei  upon  its  departure,  for  instance,  in  a 
complex  waterwheel  runner,  unless  the  divergence  is  symmetri- 
cal, each  subdivision  of  the  stream  must  be  computed  independ- 
ently. This  makes  the  computations  for  work  done  by  certain 
kinds  of  turbines  very  complicated. 


it 


EXAMPLES 

The  following  examples  will  illustrate  the  manner  of  applying 
tbe  principles  expressed  by  equations  (1)  to  (24)  to  vanes  and 
channels  of  various  forms. 


431.  Flow  through  a  ves- 
sel. In  a  vessel  euch  as 
sliown  in  figure  143,  water 
so  entering  that  it  will  flow 
vertically  ia  changed  in  di- 
•^ction  and  velocity  and 
issugg  horizontally  through 
**i  Orifice.  The  forces  nec- 
essary to  cause  these 
^"at]geB,and  resulting  there- 
'*^ni,  are  to  be  computed, 
^glect  friction. 
A..  Vessel  stationary.  Let 

^===270°;     8  =  180";     Q  = 
^at»p  s  aitfj.    Since  the  vessel 


J   ***    liald  stationary,  absolute  and 
■  S=0;  hence 


lative  velocities  are  identical, 
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n  COB  a  =  Vf  cos  ^ ;    K  coa  e  =  Cj  cos  S ; 

g  =  1  X  30  =  afliTfl  ;  and  Ug  =  !3  =  3 ;  then 

Fx  (equation  7)  =  ^  (nj  cos  180°  -  Vg  cob  270°) 

3 

=i£5^«[(„,  X  - 1)  -  (t-s  X  0)]  =  -■^:^ 

62.4xlx30a_      ,_,„ 


32.16 
=  1746  pounds,  direction  180". 
Px  =  Fx  COS  180°  =  ( - 1746)  X  C-  1)  =  + 1746 
=  1746  [jounds,  direction  0'*, 

Fr  (equation  11)-  H§  (r,  sin  180"  -  »,  sin  270") 
9 

=!?«6a!  [(^,  X  0)  -  (r,  X  -1)]  -  +!2fia? 

=  175  pounds,  direction  90". 
P=i+  175)  X  ( -  1)  =  -  175  =  175  pounds,  direction  270°. 
E^  0 ;  since  the  vessel  is  stationary,  no  work  is  done. 
B.   Vessel  moving  with  a  velocity  8=10  feet  per  second,  0°) 
against  a  constant  resistance. 

Fx  (equation  6)  =  ^  (V,  cos  c  -  K.  cos  a). 
»^cosot  =  t>^co3  270°+^co8  0°;    r.co8«=PiCoal80°+^co8  O 
Then  /V=  ^^^^  [(««  X  -  1)  +  (-S  X  1)  -  (t;,  X  0)  -  (^  X  1)J 

=  -  ^^^  =  1746  pounds,  direction  180"; 
9 
and        Px=  Fji  cos  180  =  (J^  x  -  1)  =  +  ^^^ 
9 
=  1746  pounds,  direction  0°. 

_ff=  Pj5= '^^^  5"=  1746  X  10=17,460  foot  pounds  per  seco«-^ 
^^(equation  10)  =  !^  (  V.  sin  e  -  V,  sin  «). 

F:sina=W3sin270°  +  58inO'';    F.  sin  e=  e,  sin  180"  + -Ssir>  <- 
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1  j'j.^^^^Kvt  X  0)  +  (,S'x  0)-(rp  X  -  !)-(/»  x  0)] 
y 

waav^         62.4xl0x3«     ^--  ,     ,.      ^.      ^^^ 

=  H ^-^  =  H QcTTS *■  1^^  pounds,  direction  90°. 

Py  =  J'r  COS  180°  =  (J-,,  X  - 1)  =  -  ^^^ 

=  175  pounds  ;  direction  270®. 

U=s PyS^O;  no  work  done  in  a  vertical  direction,  since 
vessel  can  not  or  does  not  _ 

e  vertically. 

2.  A  stream  or  jet  of  water 

aging    upon  a  flat  j^te  or 

without  boundaries.     A  jet 

ater  of  cross-sectional  area 
laving  a  velocity  (Fl,  0®), 
ages  upon  a  fiat  plate  set  f^— 
lal  to  the  direction  of  flow, 
.me  water  to  flow  symmetri- 
over  the  plate  and  leave  it 
direction  parallel  to  the  sur- 


^^F, 


3mpute  the  X  and  Y  forces 
ted  upon  the  plate  by  the 
3r,  and  the  work  done.  Neg- 
friction. 


Fio.  14i.— Flat  Vane,  Stationary. 


•  The  vane  is  stationary.     See  figure  144. 

I  =.5;   Fa  =40;      a=0°;   and  as  the  stream  is  symmetrical, 

ay  be  taken  as  90®  for  the  upper  ■^,    and  as  270**    for    the 
Q 

Q^UaVai  as  the  vane  is  stationary,  J^  =  v^  =  F^. 

Px  (equation  13)  =  ^  (  F.  cos  a  —  V,  cos  c). 
F^  cos  a  =  Fl  cos  0® ;   F.  cos  c  =  v«  cos  S  =  FL  cos  90^ 
mi>^=!??^[(Fa  X  1)-(F.  X  0)]  =  +  ^^^^ 

«  +  62Ax,5xiO^ ^  J552  pounds,  direction  0^ 
82.1b 


i*j- (equation  16)  = 


H\'DRAULICS 


-  (  V,  sin  a  —  F,  sin  e), 


F,  Bill  a  =  r.  sin  0°  ;    V.  sin  «  =  r.Csin  90°  +  sin  270°)  =  I'.  X  0. 
Then  P^.  =  ^^^"  [(  r.  X  0)  ^  (  r.  X  0)]  =  0. 
11=0,  since  the  vane  is  stationary. 

B.  A  single  fiat  vane  moving  against  a  resistance  with  a  velocit 
(20,  0°)  in  a  straight  tine  ;  other  data  same  as  in  A.  See  figu 
145. 

Pi(equationl3)  =  ^(F,coB«-  r*cos«). 

9 
Vf^V^—  Si  and  as,  neglecting  losses  on  the  vane,  there  eho^ 


be   no  change   in   relative   velocity   in   passing   over    the    vf 
V.  also  =  F",  -  5. 


i 
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9  =  a«(F],  —  ^;  as  the  vane  is  moving,  only  part  of  the  stream 
^Uikes  it ; 

Va  COS  a  =  r.cos  0^ ;    F.  cose  =  (  F,  -  S)  cos  90°  -f  aS'. 

w«.(  r.  -Sy_     62.4  X  .5  X  (40  -  20)' 
g  32.16 

=388  pounds,  direction  0°. 
^=0;  because  the  resultant  of  the  vertical  components  is  zero. 

:E=  Pj,  X  ^=  !?5Eii<lEL:u^^=  388  x  20 

9 
=  7760  foot  pounds  per  second. 

S 
Maxiiiiiiin  work  for  a  single  flat  vane.     To  find  the  ratio  ^ 

i0vhich  shall  make  E  a  maximum,  place  — -  =  0 ;  and  solve  for  —^ . 
^  =  (r.»-4r.,S+3*S2)=0;  hence  |.=^.         (25) 

Substitute  S=^  -^  in  the  equation  for  E ;  then, 

Maximum  work,  Jg=i-^^- ^-'  =  4  t.(?ff  =  lTr^' 

8 
=  —  of  the  total  kinetic  energy  in  stream.    ( 2<)) 

C.  A  series  of  flat  vanes  moving  against  a  resistance  with  a 
velocity  of  (20,  0°),  as,  for  example,  if  the  plates  are  set  on  the 
rim  of  a  wheel.  This  is  .the  case  of  an  undershot  wheel  or  an 
impulse  wheel  with  flat  vanes. 

Here  Q^ciaVa  because  with  a  series  of  vanes,  succeeding 
vanes  take  whatever  water  the  preceding  ones  have  left  behind 
(compare  with  a  single  vane)  ;  substitute  this  value  of  ^  in  the 
equations  of  B. 

Then  J^x=  +  ^^^i K-S)  =  ^^--^^t^f  ^'^ 

=s  776  pounds,  direction  0°. 
2c 


^.ry-sn*-*.* 


(W) 


■miMiHi  Mm.^  It  a  I  iMMii  fa  ~  *■ 


ar«ith»SBiooik 
cam;  the  Ut- 
ter   cAers    le« 

actiul  resistuice 
(o  flow. 
=,^  A  jet  of  water 

j^y.  of  area  a.  =  -5 
with  a  vel'«:itT 
i;  =40,  0°.  im- 
pinges on  a 
curved  vane 
having  bound- 
aries (see  fig- 
ure 146).  Com- 
iiil  y  li'ici'M  uxoiled  on  the  vane  by  the  water. 
ID  In  Nlittluiiiiry. 


s«  —  I',  cose) 


-  cos  150°) 
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62.4  X  .5  X  40a 


32.16 
as  2896  pouuds,  direction  0°. 

y  (equation  16)  =  —(_  V^  sin  a  —  V,  sin  e) 

ff 

""*"^-*(8in0°-8inl60°) 


[1_(_.  866)]  =+2896 


*a  '  a. 


ff 

62.4  X  .5  X  402 


(0-(+.5)  =  -77e 


32.16 
=  776  pounds,  direction  270°. 

B.    A  series  of  curved  vanes  moving  against  a  resistance  with  a 
velocity  of  20,  0°  (see  figure  147). 

^      ^TT  cost 


Fig.  147.  —  Curved  Vane»  Moving. 


Then 


—  (^Va COS  a—  V^  cos c). 
ff 

<^aVa\      Va  COS  a  =  40  COS  0°. 

r,  cosc  =  t;aC08S+  *S'=(F;-*S')  cos  150°-|- aS. 
62.4  X. 5x40(40 -20) 


(equation  13)  = 


=  +  1448  =  1448  pounds,  direction  0°. 

wQ 

9 
0; 


^y  (equation  15)  =  -^  (  Fl  sin  a  —  V,  sin  e). 

Fl  sin  a 
V,  sin  €  =  (  r.- 5)  sin  150°  =  (40  -  20)(+  .5). 
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Thea  rr=  6M^^^(20  x  -  .5)  =  -  388 

=  388  pounds,  direction  270°, 

E=  -P.v*S'=  1448  X  20  =  28,960  foot  pounds  per  Beeond 

Maximum  efficiency  for  <iny  series  of  vanes  where  the  poinUoH 
entrance  and  exit  are  moving  in  the  same  direction  occurs  theoret — 

ically  (equation  27)  when  S=  -y,  hence  at  oiaximuui efficiency 

JB  =1£BiE^(  r.  -  ^)  X  -T  ^cos  a  -  COS  «).  (29— 

g     \  -2/       '2. 

Hence  when  a  =  0°,  and  e=180°,  (cos  a— co8e)  =  l  — (  — 1)=2 
the  mHXiniuni-C=  — - —   —^    x  2  =—^  (V,  which  is  equal  to — — 

the  total  kmetic  energy  contained  in  the  jet. 

134.  The  runner  of  a  waterwheel  is  a  series  of  vanes,  or  bucket^s. 
which  are  fixed  to  a  shafting  set  in  bearings.  If  the  vanes  are  s«3 
constructed  ns  to  defleot  the  streams  of  water  entering  the  hucket*;- 
through  180°,  measured  in  each  bucket  from  the  direction  of  mo- 
tion of  the  bucket,  theoretically  all  the  available  energy  of  the 
water  may  be  useil.  Actually  there  is  some  loss  in  friction;  aad 
.  the  total  angle  can  not  be  made  180°  without  causing  the  jet  from 
one  vane  to  strike  on  the  back  of  the  following  vane ;  moreover 
the  angles  must  also  be  modified  to  suit  the  type  of  wheel. 

In  the  American  impulse  wheel,  buckets  are  used  which  deflect 
the  water  through  about  170°. 

If  the  distance  from  the  center  of  rotation  of  the  backets  »*■ 
entrance  (r,,)  is  different  from  the  distance  at  exit  (rj),  aa  »o 
many  forms  of  water  motors,  the  fundamental  equation  for  enei^y 
may  be  derived  by  a  consideration  of  angular  momentum  an" 
angular  impulse. 

43iS.  The  angular  momentum  relative  to  a  fixed  point  of  a  lx"'y 
liiiving  a  motion  of  translation  is  found  by  multiplying  (a)  i*'' 
momentum  by  (ft)  the  perpendicular  distance  from  the  fixed  pni"' 
to  the  line  of  motion  of  the  body's  center  of  gravity  at  any  instant- 

436-  The  angular  impulse  is  the  product  of  (a)  a  force  (fori')' 
by  (i)  the  perpendicular  distance  (r)  from  a  fixed  point  to  ih^ 
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►f  action  of  the  force,  and  by  (c)  the  time  during  which  it 
ts    CO. 

^37 .   The  variation  in  angular  momentum  in  a  given  time  is  equal 
angular  impulse  producing  that  variation,  that  is, 

Frht  =  -^- hvhr.  (:U)) 

9 

The  couple  acting.     If  wQ  pounds  of  water  per  second 

indoxgo  a  change  in  angular  momentum  in  passing  through  a 

vhe^l,  the  angular  impulse  becomes  the  couple  acting  on  the  wheel, 

-Pr  =  ^  (  ToTo  -  TVi)-  (31) 

^39.   The  work  done.     If  the  body  is  moving  against  a  constant 
resistance  with  an  angular  velocity,  o)  radians  per  second,  then 

jr=  Paw  =  PaS'=  ^( V^r^ -  ria>ri).  (32) 

if 

The  equation  (32)  is  the  fundamental  equation  for  work  done  on 
Moving  vanes  by  changes  in  velocity  and  direction  of  the  water 
flowing  on  it.  Perhaps  a  more  satisfactory  way,  as  showing  also 
the  effects  of  channels  and  wheel  case,  is  to  derive  the  equation  of 
Work  by  the  aid  of  Bernoulli's  theorem,  as  will  be  done  in  Chapter 
XVIII. 

440.   Water  hammer.     If  the  velocity  of   water  flowing  in  a 

closed  channel  should  be  suddenly  diminished,  the  energy  thus 

taken  from  the  water  will  be  used  partly  in  compressing  the  water 

itself,  and  in  deforming  the  pipe  walls,  and  may  even  rupture  the 

pipe.    The  force  thus  set  up  is  called  water  hammer.     In  water 

pipes  or  penstocks  the  velocity  of  the  water  is  frequently  reduced, 

and  water  hammer  set  up  by  the  sudden  closing  of  a  gate  near  the 

discharge  end  of  the  pipe.     The  intensity  of  the  water  hammer 

86fc  up  will  depend  primarily  upon  the  volume  of  water  contained 

^  the  pipe,  arid  the  rate  of  change  in  velocity,  the  latter  depeiul- 

^H  on  the  rapidity  of  closing  the  gate. 

Prom  equation  (12)  it  would  appear  that  this  pressure  should 

amount  to  ^  (  F:  -  r,)  ;  but  Church  *  and  others  have  shown  tliat 
^  order  to  make  a  reasonable  determination  of  the  intensity  of 

•  Hydraulic  Motors,  pp.  203-214. 
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preasi'  ed  by  the  sudden  retardation  of  a  volume  of  flowinj^ 

wate  ecessary  to  consider  not  only  the  change  in  velooil^- 

iii  a  g  le,  but  also  the  compressing  of  the  water  in  the  pipte.^ 

the  dioiouui  g  of  the  pipe  walls  in  length  and  in  circumferenM^i^ 

and  th  h  of  the  pipe. 

441.  n  h's  formula  for  water  hammer  is  pipes,  due  to  instatr-x- 

taneous  etc     age  of  velocity, 

p  =  the  intensity  of  inte  assure  in  pounds  per  squa-re 

inch  due  to  the  iu  aeous  destruction  of  all  .t\it 

velocity  of  flow;  i  in  addition  to  hydrostatic 

pressure,  existing  the  water  begins  to  change 
velocity.  . 

V=  tlie  mean  velocity  of  i  feet  per  second.  I 

•       ,  =  ?||  =  .4m  I 

B=  294,000,  the  bulk  modulus  of  water. 
^'=1  modulus  of  elasticity  in  tension  of  the  pipe  material' 
t'  =  the  thickness  of  the  pipe  walls  in  inches. 
I>  =  the  internal  diameter  of  the  pipe  in  inches. 
In  certain  experiments  on  water  hammer  by  Joukowaky,*  wh'*^'' 
Church  considered  in  making  up  his  formula,  it  was  shown  tti^l' 
if  the  time  of  closing  a  gate  is  less  than  the  time  required  for  & 
wave  of  compression  (which  would  have  about  the  same  veloci*? 
as  a  sound  wave)  to  travel  from  the  gate  to  the  reservoir   aJ»" 
back  again  to  the  gate,  the  intensity  of  water  hammer  will    *^ 
about  the  same  as  if  the  gate  were  instantly  closed.     Church  p*"** 
posed  the  following  formula  for  determining  the  velocity  of    *'*"' 
wave  of  compression : 

'        \* 


=Ci 


<:3^) 


\y(t'E'  +DE')) 
V,  =  velocity  in  feet  per  second  of  a  wave  of  compression     '" 
the  pipe. 

•  For  a  rtHuni^  of  Joukowgky's  experiment*,  nee  Prof.  Am.  Waleneorkt  Ai*^'"'^ 
tion.  1004. 
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le  time  (7,)  required  for  a  wave  of  compression  to  travel 
» the  length  of  the  pipe,  that  is,  make  the  round  trip,  is 

jP,  =  — -  in  seconds.  (85) 

the  time  of  closing  the  gate  in  seconds  (2^)  is  greater  than 
le  intensity  of  pressure  due  to  water  hammer  will  diminish  as 

JTS :  n„     T 

£r=ii.  (36) 

Pr  =  intensity  of  water  hammer  pressure  if  the  time  of  closing 
is  r  (greater  than  T,). 

2.  In  computing  the  thickness  of  pipes  (see  Chapter  II)  the  in* 
ty  of  water  hammer  pressure  should  be  added  to  the  hydro- 
3  pressure;  unless  the  possibility  of  water  hammer  can  be 
uded  by  slow-moving  gates,  by-passes,  standpipes,  or  surge 
rs,  relief  valves,  or  expansion  chambers.  Flat  or  deformed 
*ces  in  oylindrical  pipes  or  flumes  are  more  likely  to  rupture 
true  cylindrical  forms. 

-ample.  Given  a  steel-riveted  pipe  \  inch  thick,  48  inches  in 
eter,  and  10,000  feet  long,  containing  water  flowing  at  a 
ity  of  6  feet  per  second.  If  a  gate  at  the  discharge  end  were 
ntly  closed,  compute  the  intensity  of  water  hammer  pressure, 
t  E'  for  steel  as  28,000,000. 
le  intensity  of  pressure  due  to  instantaneous  closure, 

^  g/     .4333  X  294000  x  28000.000  x  .25    ^ 
^  ^    \82.16(.25  X  28000000  +  48  x  294000)/ 

=*  217  pounds  per  square  inch. 

isume  the  tii^ie  of  closing  to  be  30  seconds,  compute  the  in- 
ty  of  pressure  due  to  water  hammer, 
le  velocity  of  a  wave  of  compression, 

y  ^  /     32.16  X  294000  x  28000000  x  .25    X* 
'     \.4333(.26  X  28000000  -h  48  x  294000)/ 
=  2690  feet  per  second. 

e  time  required  for  a  wave  of  compression  to  travel  the  round 


^KSlT-oOp 


llim  iaUtMiif  «4  |iiiwini  if  the  gKU 

fr 

U  tim  UyAnMatie  fnman  u  100  ^toani*  par  •qoMelid.&i 

l>ilM«buuMUdeMgnt>d[urO00+SlT>or  ClM  +  a«> 
tv  Uw  liuw  of  dAHOg  the  gate. 

fhun-U'n  ^ruula,  which  agre«s  well  with  itrnkaw^'*  eipm- 
iMxuU  (II  wbWj  tlui  tiiri«  of  clcwure  was  .03  second,  aBm>  ftiin- 
«!)[«  f'tr  Vfiy  Ntiililnti  cloNure ;  but  the  foUowing  f<Hn«l&<rf Gibrt 
U  I"  I*"  I'l'i^ffrrMl  for  unifxirii  aikI  more  gradiul  cl(i!<^arc 

449.  GltM«n'i  formula  for  water  hammer  in  pipes  dae  to  the  ok 
form  KriMluiil  cliwiliK  nt  a  valve.  In  a  recent  buok*  A,  H.  Gi(w« 
[HlllliMtKtil  tlm  TmuUh  of  eitperiraentJi  on,  and  the  deTelot«t«il 
itf  fnriiiuliM  for,  water  liammor.  The  experiments  were 
with  «  viilvM  KBt  nn  A  pieco  of  '2J-inch  wrought-iron  pipe  (J*  fe* 
hiii([)  MIL  ill  II  cuHt-li'on  pip«  3|  iiiulitia  iti  diameter  and  alxiui  i>50  I 
flint  lung.  Tim  liirfftT  piiw  led  off  from  an  open  tank  abnnt" 
liir.  r.'i'l  liiftli''!'  Iliii'i  til''  vitlvi-.  The  esperimenta  were  nwiJc 
III  ihx  liiliohiiorv  of  Miim-]ie«ter  (England)  University.  Gibson 
of  jii.t  cxi)cntnents,  the  following  formula 

of  [iriMMurn  due  In  closiiiij  the  gate  in  pounds  pS 


-[(^?JH^)(^^-[^^T)'] 


(37^ 


M.lU< 


ini'ii  in  exivss  nf  that  due  to  h. 
}.  —  Il•u^■lh  of  pi]«>  in  fivi. 
■/'-.  iiiiiK  ,il'  uiiifonii  flosinj;  nf  giito. 


of   Iho 
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I    (At    MS   vena    contracts^ 
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Example.     Given  a  pipe   550   feet  long;    ratio   when   closing 
begins,  —  =  8.6;  time  of   closing  gate  2  seconds;    difference  in 

static  head  on  the  two  sides  of  the  gate  when  closed  is  104  feet. 

^     3:i.loL\:i  X  ft.uy       2  X  8.t)V  L^x8.6j;J 

=  52  pounds  per  square  inch. 

Problems 

X.  A  pipe  bent  in  the  form  of  a  semicircle  having  a  radius  of  10  feet  dis- 
charges 5  cubic  feet  of  water  per  second  with  a  velocity  of  25  feet  per  second. 
The  pipe  is  suspended  by  two  strings  so  that  the  two  ends  are  in  the  same  hori- 
zontal plane  and  water  is  supplied  in  a  vertical  direction  and  without  shock. 
What  is  the  tension  in  the  strings  due  only  to  the  change  in  direction  of  the 
water? 

2.  Water  is  flowing  at  a  velocity  of  10  feet  per  second  through  a  pipe  2  feet 
in  diameter,  which  is  bent  through  a  central  angle  of  120  degrees.  Compute 
the  force  exerted  parallel  to  either  tangent  and  the  force  exerted  perpendicu- 
lar to  either  tangent,  by  the  change  in  direction  of  the  water. 

3.  A  stream  of  water  delivering  897.6  gallons  per  minute  at  a  velocity  of 
^  feet  per  second  strikes  an  indefinite  plane:  (a)  normal,  (6)  at  30  degrees 
^th  the  normal.    Compute  the  normal  pressure  on  the  plane. 

^  A  stream  of  water  100  square  inches  in  area  issues  from  the  stern  of  a 
with  a  velocity  relative  to  that  of  the  vessel  of  50  feet  per  second,  the  ship 
moving  at  the  rate  of  10  miles  per  hour  in  the  opposite  direction.     Find  the 
force  exerted  on  the  ship  by  the  jet. 

*•  A  stream  with  a  transverse  section  of  6  square  inches  delivers  2  cubic  feet 
P^  flecoDd  against  a  single  flat  vane,  in  a  direction  normal  to  its  surface.  Find 
^  force  acting  on  the  vane,  if  the  water  after  striking  glides  over  it  parallel 
^  the  surface : 

(<2)  If  the  vane  is  stationary. 

(h)  If  the  vane  is  moving  at  a  velocity  that  will  give  the  maximum  work. ' 

(c)  Compute  the  work  done  on  the  vane  in  (6). 

^*    A  nozzle  IJ  Inches  in  diameter,  of  which  the  coefficient  of  discharge  is 

^>  delivers  water  under  an  effective  head  of  169  feet,  against  a  series  of  flat 

'^ea  ^xed  on  the  circumference  of  a  wheel  at  a  point  10  feet  from  the  center 

.rotation,    (a)  Determine  the  velocity  of  the  vanes  that  will  give  maximum 

^^^ncy.    (6)  What  will  be  the  angular  velocity  of  the  wheel  ? 

•   A  street  sprinkler  is  running  on  the  tracks  of  a  street  railway  at  the  rate 

I^  miles  per  hour.    From  the  front  500  streams  issue,  each  J5  inch  effective 

^^'^eter.    What  is  the  retarding  force  in  pounds  when  the  head  upon  the 

Puttings  has  an  average  of  7  feet  ?    Neglect  friction.    Solve  (a)  when  streams 

^  Puallel  with  track ;  (b)  when  openings  make  a  complete  semicircle. 
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S.  The  jet  from  a  nozzle  strikea  a  series  of  carved  vanes  iu  &  direction  tin- 
gent  to  the  ritn  of  the  wheel  on  which  they  are  set.  and  at  a  point  15  (wl  Iwn 
the  axle.  The  lips  ot  the  vaneH  where  the  water  enters  are  parallel  U>  llie  )^i 
and  are  bent  through  105'  from  this  line.  The  velocity  of  the  jet  ii  17! 
feet  per  second  and  the  wheel  is  revolving  at  the  rale  of  518  revolu^oM 
per  minute.     Q  =  3.75  cubic  feet  per  second. 

Compute  (a)   the  constant  force  exerted  on  the  vanes,  and  (i>)  the  bortf* 
power  developed. 

9.   A  streaui  of  500  cubic  feet  per  second  falls  throngh  60  feet.    Compute 
the  horae  power  available. 

10.  At  the  entrance  to  a  turbine  the  intensity  ot  preasui*  is  20  pounds  p^s* 
aqimre  inch  above  aCniospfaeric;  and  at  the  exit  from  the  runner  13  pounxSA    ' 
beiow  atmospheric.     How  much  horse  power  ia  ftvailable  when  300  cubic  ti  ii^it 
per  secoud  is  going  through  the  wheel? 

11.  Water  discharging  from  a  nozzle  iinpinges  on  a  wheel  with  an  absol[L'%B 
velocity  of  300  feet  per  second,  and  leaves  the  wheel  with  an  absolute  velod."^^ 
ot  10  feet     Q  =  10.     What  horse  power  has  been  used  in  the  wheel? 

12.  A  penstock  of  riveted  steel  S  feet  in  diameter  and  1000  feet  long  le».«]9 
from  an  ojien  reservoir  to  a  turbine.  Assume,  that  when  the  velocity  is  7  f^^ct 
per  second  and  the  pressure  at  the  turbine  is  20  pounds  per  square  Jiichf  %.~b« 
gate  at  the  lower  end  is  instantly  closed. 

(a)  Compute  the  pressure  due  to  water  hammer,  and  the  neoessAry  tbidcrr^  «,« 
of  the  pipe. 

(i)  If  the  pipe  were  lO.OOO  feet  long,  make  a  similar  oompatatfon. 
(c)  If  the  time  of  closure  in  each  case  ia  3  seconda. 


CHAPTER  XVIII 


^MPULBB  'WHBBL8— TITRBINES  — CENTRXFUGAL  PUMPS 


The  essentials  of  a  water-power  plant.  A  water-power 
plcknt  presupposes  a  supply  of  water  falling  through  some  height. 
^Natural  streams  are  subject  to  considerable  variation  in  the 
volume  of  flow,  and  in  consequence  to  fluctuations  in  the  height 
o£  tlie  fall.  The  flow  and  the  fall  for  which  the  plant  is  to  be  de- 
signed must  be  based  on  a  study  of  the  seasonal  fluctuations  in 
flo-w,  the  effect  of  storage,  and  variations  in  the  depth  of  the 
stream  when  carrying  different  quantities  of  water. 

In  order  to  utilize  the  energy  available  in  a  waterfall  some 
sort  of  water  motor  or  motors  with  the  necessary  appurtenances 
^i^Jst  be  provided, 

A  water-power  plant  (see  figures  148  and  152)  comprises,  in 
^^dition  to  the  water  wheels  : 

^  dam  to  localize  the  available  fall,  and  to  create  a  mill  pond  to 
^^alize  the  flow  over  short  periods  of  time.  The  still  water  ele- 
^^ion  in  this  pond  is  called  the  head-water. 

flannels  to  conduct  the  water  from  the    head- water    to  the 
*^^els  ;  if  open  channels,  they  are  cMed  power  canah  or  flumes; 
^liannels  under  pressure,  penstocks. 

-^Sead  gates  for  controlling  the  flow  in  the  channels,  with  racks 
■^^  screens  to  prevent  drift  getting  into  the  wheel ;  and  often- 
^s  sluice  gates  for  getting  rid  of  refuse  and  ice  and  for  drawing 
the  water. 
^Srates  for  controlling  the  flow  into  the  wheels,  often  called  speed 
r,  usually  connected  to  a  hand  regulator  or  an  automatic  gov- 
or,  which  controls  the  speed  of  the  wheel  by  varying  the 
■^X^ply  of  water  as  the  load  increases  or  diminishes. 

-A  tight  metal  case  or  open  pit  for  the  speed  gate,  guides,  run- 
^^  *•,  and  shafting ;  these  comprise  the  setting. 

A  channel  or  raceway  for  conducting  the  water  away  from  the 
'^^^eel,  which  may  be  set  at  the  bottom  of  the  fall  or  for  conven- 
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ieiice  and  economy  of  setting  may  include  a  draft  tube.  Tte 
stili-water  elevation  about  tlie  wheel,  or  at  the  downstreiini  end  o* 
a  draft  tube,  is  called  the  tail-^ater. 

445.  The  earlier  waterwheels  were  of  three  general  types  :  <«) 
im<ietslmt,  liaving  flat  radial  vanes,  occasionally  with  cur  -*."f^ 
vanes  ;   (6)  overshot,  containing  a  series  of  buckets  designee^  U> 

i 


take  the  water  at  the  highe^ 
possible  point,  and  convey  it  t*> 
the  lowest  possible  discharge 
point  with  minimura  spilling'  > 
(c)  breast  wheels,  designed  *" 
receive  the  water  near  or  belo^' 
the  axis  of  rotation,  and  «^' 
liver  it  as  low  as  possible  wi'" 
lum  spilling. 
Undershot  or  paddle  whe^" 
are  in  general  of  low  efficiency' 
their  buckets  usually  bei".- 
merely  a  series  of  flat  varies 
nearly  normal  to  the  direction  of  flow  and  working  partly  sfi'^ 
merged.  By  reference  to  Chapter  XVII,  equation  (28)  it  will  d* 
seen  that  the  maximum  theoretic  efficiency  for  a  series  of  flat  tao^'' 
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3^^( 


ling     -vanea  is  but  .5;    the  actual   efficiency   is  rarely  over  .35. 

ICertain   undershot  wheels  with  curved  vanes   have  given   con- 

Inderably  liigher  efficiency. 

Overshot  and  breast  wheels  have  been  built  which  gave  nearly 
B  high  efficiency  as  tlte  best  modem  turbines.  The  work  in 
sucli  wheels  is  nearly  all  done  by  tlie  weight  of  the  water  falling 
in,  or  in  cgntact  with,  the  wheel  bucket  from  head-water  to  tail- 
water.  The  size,  therefore,  depends  on  the  fall ;  the  diameter  of 
an  overBhot  wheel  must  be  nearly  equal  to  the  total  fall  acting  on 
the  wheel,  and  the  diameter  of  a  breast  wheel  nearly  or  more  than 
double  the  fall,  Botli  of  these  types,  while  they  may  be  efficient, 
are  i-umbersonie  and  costly. 

446.    Uodem   water  motors,  in    which  the  work    is   performed 

chiefly  by  clianges  in  the  velocity  and  direction  of  the  water,  may 

be  ckssilled  in  many  ways  ;  according  to  the  general  direction  of 

^^     flow ;  radial  (parallel  to  the  radii  of  the  wheels),  or  axial  (parallel 

^^h   to  the  axis);  inward  (toward)  or  outward  (away  from)  the  center 

^^H   of  rotation  ;  or  after  the  names  of  inventors  or  adapters  of  certain 

^^B   types.     A    more   scientific  method  of    classification  is  based  on 

^^H  ^lieLher  changes  in  velocities  and  directions  occur  in  air  at  atmos- 

^^B  pneric  pressure,  or  in   closed  vanes  or  buckets  at  pressures  above 

^^    ''*"  below  ittmoapheric  pressure.     On  this  basis  two  general  classes 

'^*    modern  wheels  are  recognized,  viz.  : 

1.    Impulse  (action)  wheels  in  which  all  changes  in  velocity  or 

"'"ection  take  place  in  air    at  atmospheric  pressure;  the  water 

*^^Ves  one  or  more  stationary  nozzles  or  guides,  with  a  velocity 

'^e  to  the  total  effective  head  at  the  orifice  of  the  nozzle,  impinges 

,    fHiji  and  flows  over  the  moving  wheel  buckets  with  such  changes 

(Jirection  and  velocity  as  are  imposed  on  the  stream  by  the 

*-*^vature  of  the  buckets  and  their  speed;  but  the  buckets  are 

****^ntially  open  channels.     Impulse  wheels  are  usually  classified 

**  -    1(1)  tangential  or  American  impulse  wheels,  and  (i)  impulse 

***'l)iiies,  European  types. 

"X'his  latter  type  has  been,  at  times,  arranged  so  that  it  vnll  al»o 
**»  uihmerged  (an  ol)8olescent  practice),  which  is  done  by  limit- 


»^i 


the  area  of  the  bucket  apertures  to  such  dimensions  that  they 


^^'^11  run  entirely  full  of  water;  the  wheel  is  then  called  a  limit 
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2.  Reaction  turbines.  s<j  ciilleil,  in  wliich  the  guide  naa0^ 
guides,  wheel  vaneo  ui-  hackets,  and  the  channels  leading  to  *™ 
from  the  wheel  form  a  continuous,  though  devioun,  ciiau'" 
from  head-water  to  tail-water,  which  ia  sealed  from  the  air.  »•* 
when  properly  working  at  full  gate  opening  should  have  all  *' 
parts  filled  with  water  flowing  under  pressure.  In  the  reactiO 
turbine  water  leaves  the  guides  with  a  velocity  due  only  to  part  * 
the  effective  head,  and  euters  the  buckets  under  pressure.  Tl 
buckets,  being  then  in  the  nature  of  moving  nozzles,  receive  tl 
water  from  the  guides  and  discharge  it  with  velocities  due  to  tl 
kinetic  energy  therein  contained  and  to  differences  of  presaiire  t 
tween  the  inside  and  the  outside  of  the  buckets.  The  changes 
pressure  which  occur  from  point  to  point  in  the  passage  of  t" 
vmter  through  the  wheel  are  important  only  in  so  far  as  they  bril 
about  changes  in  velocity  and  direction  at  the  critical  poio 
namely,  at  entrance  to  and  exit  from  the  moving  buckets, 
order  that  a  reaction  wheel  may  work  to  the  best  advantage,  t 
various  passages  should  have  the  required  cross-sectional  area 
the  direction  of  flow  to  correspond  with  the  velocities  determin 
by  the  other  factors. 

447.  European  practice,  based  on  theory  and  testfaig-  By  1 
aid  of  Hernonili's  theorem,  the  expressions  for  the  work  done 
changes  in  velocity  or  direction  of  flowing  water  may  be  i 
duced ;  from  which,  together  with  the  knowledge  of  the  actr 
performance  of  fuil-siced  wheels  iu  t«st^  and  in  use,  mtisfaet^ 
rules  for  proportioning  or  designing  wheels  have  been  developi 
European  practice  has  grown  chiefly  along  such  linea,  pUci 
great  emphasis  on  theory,  and  as  a  result  has  prodnoed  wbeelfl 
great  variety  of  form  and  capacity,  adapted  to  a  wide  rao^ 
beads,  and  giving  high  efficiency.  To  a  lai^  extent  each  wb 
or  unit  has  be«n  designed  to  fit  th«  particular  locadoa. 

448.  Afflerican  practice  based  oa  em^rical  design  and  testi 

Tbe  praelicv  of  watorwhe^t  design  in  the  United  States  lias  b* 
laiyelr  developetl  by  inventors  or  wat«rwheel  bolides,  who  ha 
for  improvement  or  adaptation,  embodied  in  new  types  ideas  < 
tained  from  previous  ty{ies  and  tested  ont  their  wheels  (■ 
siae)  to  prove  their  merits ;  and  by  changing  and  retesttng  ha 
pemsted  ontit  tfaa  desired  ends  were  attained.     On  the  part 
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American  wheel  makers  there  has  been  a  persistent  and  success- 
ful effort  to  reduce  the  diameter  and  cost  of  wheels  for  given 
power  and  at  the  same  time  to  increase  the  power,  speed,  and 
efficiency.     In  the  matter  of  efficiency  at  full  gate,  the  gain  over 
early  wheels  has  been  slight ;  but  in  the  matter  of  low  cost, 
adaptability,  and  part  gate  efficiency,  the  improvement  has  been 
very  great.      The  most  marked  achievement  of  the  American 
wheel  makers  has  been  the  production  of  stock  wheels  (as  com- 
pared with  special  design)  for  very  high  heads,  200  feet  or  more, 
and  for  low  heads,  50  feet  or  less,  especially  under  20  feet.     The 
first  type  is  embodied  in  the  tangential  impulse  wheels  of  the  form 
shown  by  figures  152,  154,  155,  and  157  ;  the'  second  in  wheels 
ha.Ting  runners  resembling  that  shown  in  figures  161,  168,  169, 
1T«,  171,  and  172. 

The  American  impulse  wheel  is  a  development  from  a  cheap 
an.<l  originally  inefficient  wheel,  used  in  Western  mining  opera- 
tions, to  a  highly  efficient  machine,  and  is  distinctly  an  American 
pr-oduct. 

The  first  outward  flow  reaction  turbine,  built  in  America  by 

Ellwood  Morris  (1843),  followed  the  designs  of  Fourneyron;  and 

liojden's  wheel  (1844)  (see  figure  167)  was  very  similar.     The 

Firancis  turbine  (1849)  was  (see  figure  163)  stated  by  Francis  to 

^^^  in  its  essential  features,  similar  to  a  wheel  proposed  by  Poncelet 

(1826).     The  Swain  wheel  (see  figure  168)  with  combined  in- 

^a.rd  and  downward  flow,  which  is  the  prototype  of  the  modern 

^^\9  head  American  turbine,  was  an  original  American  wheel ; 

^is  and  those  that  followed  were  the  outcome  of  the  ideas  of 

Practical  wheelwrights  who  had  little  knowledge  of  the  principles 

^f   theoretic  mechanics. 

449.  Increasing  interchange  of  practice.  At  the  present  time 
^here  is  a  growing  interchange  of  practice  between  American  and 
*^Uropean  builders.  Low  head  American  turbines  receive  high 
^©cogfnition  in  Europe,  and  their  use  is  increasing ;  a  large  portion 
^f  the  recent  impulse  wheels  are  of  the  tangential  or  American 
^yi>e,  and  nearly  all  new  turbines  are  of  the  inward  downward 
flow  type,  or  so  called  "  Francis  "  turbines ;  but  they  resemble  the 
Swain  wheel  more  than  the  Francis.  In  America  there  is  an 
^creasing  tendency  in   building   turbines    to   follow    European 
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praciicG  in  the  design  of  turbines  for  special  places,  part 
large  units. 

450.  The  design  of  waterwheels  is  a  highly  specialized  branA 
of  hydraulic  engineering,  but  growing  in  importance  ;  iind  even 
if  iht!  availiiblo  datii  tu  show  the  relation  between  design  and  the 
I'eaulls  of  testing  provided  sufficient  basis  for  a  proper  treatment 
of  this  subject,  it  is  too  intricate  for  a  book  on  elementary  hy- 
draulics. Nor  at  the  present  time  is  a  hydraulic  engineer  ordina- 
rily required  to  design  wheels,  but  simply  to  select  wheels,  specify 
the  work  to  be  done,  and  design  and  construct  the  channels  and 
waterways  leading  to  the  wheels,  and  away  from  them. 

A  determination  of  the  changes  in  velocity,  direction,  pressure, 
and  elevation,  which  the  water  undergoes  in  pas-'^ing  through  a 
wlieel  and  its  appurtenances,  is  essential  to  the  proper  design  of 
a  water-power  plant.  In  the  present  state  of  practice,  suitjible, 
efficient  runners  are  moderately  easy  to  get ;  but  not  infrequently 
runners,  which  show  !iigh  efficiency  under  favorable  tests,  as  at 
Holyoke,  will,  when  tested  in  place,  show  marked  falling  off  in 
elficiency,  largely,  if  not  wholly,  due  to  incorrect  proportioning  of 
penstocks,  wheel  cases,  and  draft  tubes.  The  design  of  these 
parts  requires  chiefly  a  thorough  application  of  the  principles  of 
flow  in  channels,  and  through  orifices  or  nozzles,  and  the  principle 
of  work.  The  same  principles  apply  to  the  How  through  the 
wheel  itself,  but  on  account  of  the  somewhat  intricate  shajies  of 
waterwheels,  and  the  fact  that  some  parts  are  standing  still  and 
others  moving,  the  computations  are  more  involved,  and  reqtiire 
further  explanation, 

451.  Nomenclature.  The  following  symbols  will  lie  used  in  the 
formulas  for  water  motors ;  so  far  as  they  were  used  in  the  chapter 
just  preceding  they  are  identical: 

?'j  =  absolute  mean  velocity  of  water  in  the  channel  of  ap- 
proach, just  upstream  from  the  speed  gates. 

Vt  =  absolute  mean  velocity  of  water  from  guide  vanes  or 
nozzles  ;  absolute  entrance  velocity. 

Fi  =  absolute  mean  velocity  or  water  from  wheel  vanes  ;  ab- 
solute exit  velocitj', 

Ij—absolute  mean  velocity  of  water  at  exit  from  a  draft 
tube. 
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v^  =3  relative  (to  the  vane)  mean  velocity  of  water  at  en- 
trance to  the  wheel  vanes. 

Vi  =  relative  (to  the  vane)  mean  velocity  of  water  at  exit 
from  the  wheel  vanes. 

as  angle  of  absolute  velocity  at  entrance;  direction  of  F^. 
/3  =  angle  of  relative  velocity  at  entrance;  direction  of  Vp, 
S  =  angle  of  relative  velocity  at  exit ;  direction  of  v^. 
€  =  angle  of  absolute  velocity  at  exit ;  direction  of  V^. 

XoTE. — Directioii  is  measured  from  the  tangents  to  the  wheel  rims:  0^, 
dng  in  every  case  the  direction  of  motion  at  the  points  of  entrance  and  exit. 

^At  ^a9  <'^9  ^39  Aiid  ^d  =  ^^^  cross^^sectional  areas  of  a  stream  or 
jet  measured  at  right  angles  to  the  direction  of  flow  ;  each 
area  corresponding  in  the  order  named  to  the  velocities  I^^, 
F^i,  vp,  va,  and  F^. 

J9V=  total  head  available,  which  is  the  difference  in  eleva- 
tion between  surfaces  of  head  water  and  tail  water. 

ff=a  the  effective  head  acting  on  wheel ;  namely  Sj.  minus 
losses  due  to  conducting  the  water  to  and  from  the 
wheel. 

Pq  s  intensity  of  pressure  at  the  base  of  nozzles  or  guides, 
corrected  for  the  elevation  of  the  nozzle  orifice. 

Pfi  ss  intensity  of  pressure  at  the  entrance  to  wheel  vanes ; 
it  may  be  more  than  atmospheric. 

p^  =  intensity  of  pressure  at  the  exit  from  wheel  vanes ; 

it  may  be  less  than  atmospheric. 
Kq  =  fall  from  head  water  level  to  discharge  orifices   of 

the  guides,  minus  h^. 
Aj  =  fall  from  discharge  orifices  of  the  guides  to  discharge 

orifices  of  the  runner. 

A,  =»  fall  from  discharge  orifices  of  the  runner  to  tail- water 

level. 
hx=^  head  lost  in  the  channel  of  approach. 
ha  =  head  lost  in  conducting  the  water  away  from  the 

wheel ;  in  reaction  turbine  the  loss  in  the  draught 

tube. 
Tq  =  radius  of  the  runner,  where  water  enters,  in  feet. 
Vi  =  radius  of  the  runner,  where  water  leaves,  in  feet. 


I 
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JV=  revolutions  per  minute  of  a  wheel, 
Sg  =  absolute  velocity  of  a  vane  at  the  point  where  t'* 
water  enters  it ;  -S,  =  ^    ■     The  iHrection  of  ■A 

"      m 

is  0°,  being  tangent  to  the  runner  at  this  poiut. 
S-i  =  absolute  velocity  of  a  vane  at  the  point  where  it** 
water  leaves  it ;    S^=  ^^}r--      The    direetioQ  C^' 
^1  ia  0",  being  tangent  to  the  runner  at  this  poin*^- 
Cq,  C,  =  coefficients  of  velocity  from  nozzles  or  vaues.  ' 

E=  tlie  work  done  by  the  water  in  the  wheel  as  compute  ^ 

by  formulas,  foot  pounds  per  second. 
Eb=  the  work  done  by  the  water  in  the  wheel  measures  ■^ 
by  a  friction  brake  on  the  wheel  shaft,  foot  pouiK^fcs 
per  second. 
£"jt  =  the   computed   hydraulic  efficiency  of  the  wheel  ^=" 
E 

Kg  =  the  actual  measured  efficiency  of  the  wheel  =  ~^-^r>" 

In  wheel  tests  the  loss  in  draught  tube  can  rm  ot 
always  be  separated  from  losses  in  the  wheel ;       i" 


such  cases,  Kg  -- 


Eg 


K^  =  total   computed    efficiency    of    the    wheel   plant.    == 
E 
wQHr 

452,  Impulse  wheels  or  turbines  have  one  or  more  stationa*"^ 
no/.zles  or  guides,  which  receive  the  water  from  the  channel  *"'' 
ai)]in>in;li.  and  direct  the  stream  in  the  proper  direction,  and  wi"*-  *' 
suitiilile  velocity  against  the  buckets,  which  are  a  set  of  nozzles  ^^^^ 
chiuuR'ls  sft  in  the  circumference  of  a  wheel,  which  make  up  t  *  ** 
rumiiT  and  wliieh  revolve  past  the  guide  orifices.  This  rnnner  *" 
utiaclu'il  til  ii  shaft  which  in  turn  is  connected  by  suitable  mechi»-  ""^ 
iral  ih'viii's  lo  iiiachinery.  If  the  dimensiont  and  speed  of  a  trhe^  *' 
I  III'  iihsoliitt'  entranre  vflocitrf,  and  the  relative  exit  velocity  are  kno^^"^'"''"' 
tlio  work  iiiav  be  thourfticiillv  determined. 
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453.   Absolute  entrance  velocity.     The  velocity  from  the  guides 
is    determined  as  for  any  nozzle  by  the  sum  of  the  energy  available 
at;  the  orifices  of  the  guides,  and  may  be  called  the  absolute  veloc- 
ity at  entrance,  F^. 

454.  Relative  exit  velocity.  The  velocity  from  the  bucket  ori- 
fices may  be  considered  a  nozzle  velocity  determined  by  the  sum 
of  the  energy  available  at  the  orifices  of  the  runner,  and  is  called 
th^  relative  (to  the  bucket)  velocity  at  exit,  v^. 

455.  Assumptions  made  in  deriving  formulas.  The  equations 
wlxich  follow  are  based  upon  the  following  assumptions : 

Co)    That    the 

wlieel  is  working 

against   a   steady 

moving  resistance 

just  sufficient  to 

maintain  the   de- 

Bired  speed. 

(6)   That    the 

water  enters  the  wheel  without  violent  changes  in  direction  or 
velocity,  to.  secure  which  condition  the  resultant  of  Vp  and  Sq 
must  equal  F]^,  as  shown  graphically  in  figure  149.. 

Then  F.2  =  v^a4->8;)2-f-2A9ot;^co8/8,  (1) 

and  F.  cos  a  =  w^  cos  /8  +  *%•  (-) 

(c)  That  the  water  leaves  the  bucket  at  a  minimum  practical 
'  absolute  velocity  of  exit,  F, ;  because  the  energy  due  to  this  ve- 
locity 18  irrecoverably  lost.      V\  should  be  sufficient  in  magnitude 


Fig.  149.  —  Diagram  of  Entrance  Velocities. 


l/LCCdB 

tJ 


Fio.  150.  —  Diagram  of  Velocities  at  Exit. 


^  flow  clear  of  the  vanes.     F,  is  the  resultant  of  v^  and  aSj,  as 
Aown  graphically  in  figure  150. 
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Th«n.  r.»  =  r^+5j>+2  5,r,oofc«,  (K)  I 

and  r.  oos  f:=VtCosS  +  S^.  (i) 

Tlio  best  practical  working  coDclitioit  is  nsnidly  BSetuned  u  I 
fxint  wlien   K,  oi«<=*0. 

(li)  'I'liiit  in  aa  impulse  wheel  all  the  buckets  must  beoptnlo  I 
MtiiKiHplieriti  jjriMMUra,  aiid  have  greater  cross-sectioDal  area  consid-  I 
un-it  aa  cliunnuU  than  tlia  velocities  require. 

(f)  That  in  a  reaction  wheel  all  guides  and  buckets  must  be 
Hfittlud   f i-oni   atmospheric   pruasure ;    and   in  all  parts  the  c 
Hootiunal  aroua  of  the  channel  must  equal  those  required  by  the  i 
vohiciliuH  at  these  poinbi  due  to  changes  in  pressure  and  luotiou, 


Q  Q  Q 

K  tfp  ''J 


(/)  Tbnt  ohan^fos  in  velocity  or  direction  in  the  interior  of  nil 
oliHiini'lH  Hhall  be  gritdual,  and  all  surfacea  in  contact  with  flovi- 
tlig  water  bu  smootli,  in  ordur  to  raduce  friction  losses. 

(i/)  'I'liat  tlR-Hu  asHitmi'd  conditions  can  hold  only  when  a 
whool  in  runnini;  at  its   full  capacity  and   most  efficient  speed. 

496.  General  formulas  for  Impulse  wheels  and  turbines.  By  the 
application  of  Bernoulli's  theorem,  general  equations,  for  the  flow 
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friction  from  the  entrance  to  the  guides  and  the  exit  from  the 
buckets,  but  considering  the  friction  losses  in  conducting  water 
to  and  from  the  wheeL     Figure  161  may  represent  a  part  of  any 
set  of  guides  and  a  part  of  any  runner. 

By  the  fundamental  formula  for  nozzles  (§  198),  the  theoretic 
velocity  of  the  water  on  leaving  the  guides, 


=  \2g(H 


-£iV\^ 


^«^liere  ir=  A^  +  ^j  -f  Aj  —  A^  =  iSTj.—  Ax  —  Aj.  (See  figure  148.) 

The  total  energy  in  foot  pounds  delivered  each  second  to  the 
^^beel,  if  measured  at  the  guide  orifices 

^^Qfn^^^sj).  (7) 

The  energy  in  foot  pounds  carried  away  each  second  by  the 
^^^ter  from  the  exit  orifices  of  the  buckets 

V^^       7/ 
Then  JE,  which  is  the  difference  between  the  energy  delivered  to 
ai:^ci  the  energy  carried  away,  is  the  work  done  each  second  by  the 

v^g     7     '-^g^ 

Equivalent  \alues  for  the  terms  of  equation  (9)  may  be  deter- 
°*  ixied  as  follows  : 

On  the  assumption  that  the  water  enters  without  shock, 
^rom  (1)  VJ  =  v^2  +  ,S7  -f  2  v^S^  cos  /3. 

Dividing  by  2  ^,        f  =  ^'  -f  f  +  'lli^^.  (10) 

2^      'Z(/      -ly  2g 

/      2 

If  there  are  no  losses  in  the  buckets,  the  kinetic  enercry  f  — 

"**^to  the  relative  velocity  C»j)  from  the  bucket  orifices  should 
eixaal  the  energy  put  into  the  buckets,  plus  the  gain  or  minus  tlu; 
loss  in  kinetic  energy  of  rotation  in  passing  from  entrance  to  exit 
^E  the  buckets,  or  by  Bernoulli's  theorem  : 

?^=  V_!5L  +  '^4.ei.  (11) 

.      2g      i,j      -lij      -Ig      7 

Then  from  (11),  2l  =  ^A-^A^^-^.  (12) 

^     ^'  ri      2g     2g^2g      '2g  ^     ^ 
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The  nUoliito  iniit  Telnritj  f,  is  the  rMultam  at  aiaad  jj. 

liiMrt  ill  e<)u«tioii  (9)  the  valocs  thtu  found  for  FKI*)-^ 
;>#{I2),  for  r.  (I'-I);  IbttD  the  work  aoM  bf  the  wheel. 

^-  |fiir/+  .Si,i  +  2  f-,.9j  COS  >3  +  r^-  »/  +  S,^-S^^ 

^;_  «"*[(«,  CO.  ff  +  .%)  *%  -  (fj  COB  S  +  5,)^.  (U) 

iJy  (2),  »(,  CJB  ^+  5'o=  F.cos  a; 

nii'l  l.y  (4),  V,  cos  «  +  -9,=.  F.  cose. 

A^"  ""(  J'i  008  0  190—  V,  oontSi'),  footpounds  per  second.      O**) 
But       Sg  —  on-g  i  and  i9,  —  (or^.     Alao  when  r^  =  r^,  S^  =  Sy 

Kijunlinii  (Ifi)  thnn  U  niigleoting  friction  in  the  runner,  a  fund*-  I 
initnlnl  iix])r«iuiioii  for  tiio  work  done  in  the  wheel  by  chiinges  >"  ' 
vohuiiiy  tuid  dirootiim  of  the  water,  and  ie  identical  with  the  e^"*" 
tiini  for  onorfiy  in  oquAtion  (82),  Chapter  XVII. 


Tanqrntial  Impulse  Wheeib 
457.  A  tangentlftl  impulse  wheel  is  frequently  called  an  Ame^ 
■nn  '  iii)|>iiltt<>  whool,  but  ih  also  made  in  Europe;  itA  name  com^ 
i>>tu  tht)  ftti'l  thitt  tlit>  8lr«aiu  from  a  nozzle  discharging  into  tt^ 
lit'  Dti'ikt'.t  lUt<  wlitH<l  in  a  direction  tangent  to  the  rim  of  li^ 
iiuut'v  at  outitinw, 

Kiiiui-t'  U'li'  ij>  a  diak;nuumatio  outline  of  a  water-power  plan  * 
mh  i-iujTt'utiitl  impuliso  whei'l,  .\  pii»e  leads  from  the  reservoi-- 
•  I  In-  whivl,  to  whii'h  is  aitailusl  a  nozile  or  nozzles. 

•  S-'"i''  I''  'h*  ira-ti'  iLiiuin  >■(  ttni»  HTdiwU  ia  ih*  Tnited  StkWs  we  "  Pdtoo, 
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The  nozzles  are  fitted  with  devices  for  regulating  the  volume  of 
flow  to  suit  variations  in  the  demand  for  power ;  and  are  so  set 


Fio.  152.  ~  Water-power  Plant  with  Tangential  Impolse  Wheel. 

that  the  stream  will  be  ordinarily  tangent  to  the  wheel  runner  at 
entrance.  Smooth  cone  nozzles  are  often  used.  The  form  of  noz- 
zle shown  in  figure  163 
is  known  as  the  Doble 
''©gulating  nozzle;  the 
flow  may  be  varied  by 
nioving  the  needle  into 
or  away  from  the  orifice 

^thout  changing  direc- 
tion. 

Figures  154  and  155 
show  two  American  im- 
pulse wheels  in  their 
^^ttings.  Figure  156,  on 
"late  II,  is  a  tangen- 
^lal  wheel  of  European 
^ake. 

Xhe  wheel  is  usually 
^i  iron,  steel,  or  bronze, 
^ving  buckets  on  the  rim  which  are  so  shaped  as  to  receive  and 
deflect  the  water  as  nearly  as  possible  through  180°,  and  make  it 
^'^l  from  the  wheel  with  a  minimum  residual  velocity  (F^). 

^e  buckets  have  an  angle  at  entrance  parallel  to  the  direction 
of  motion,  hence  a  =  /3  »  0 ;  and  the  angle  at  exit  (£)  is  usually 


Fio.  153. — Doble  Needle  regulating  Nozzle  for 
Impulse  Wheels. 
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ubout  160°  to  170°,  or  just  enough  to  allow  the  water  discharging 
from  oae  bucket  to  clear  the  succeeding  one.     See  figure  157. 


-  AQotbi-r  Ty^ie  of  Tanf^ential  Impulse  Wheel. 
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458.  Comptttation  for  a  tangential  Impulse  wheel,  including 
hydraulic  friction  in  the  wheel.  Figure  157  shows  a  section  of  a 
bucket. 

The  work  done,  formula  (16),  JE^^(^VaCo&aSQ--  P;  cos  c  S{). 


Since  n 


^v^o 


irrN 
Si^  S^o»r  =  -qJt-i  d  =  nozzle  diameter. 


Cq  s  coefficient  of  nozzle  velocity  from  the  guides  (in  this  case 
only  one).     (7^  =a  coefficient  of  nozzle  velocity  from  the  buckets. 

To  find  absolute  en- 

trance  velocity    T.,  the  ,.. S 

effective  head  on  the  noz- 
zle orifice  must  be  de- 
termined. 

Atmospheric  pressure 

is  on  both  head-and- 


fe> 


tail  water,  and  on  the 
nozzle  orifice. 

The  total  head  (iTy) 
is  xnade  up  as  follows : 

^    V    p-         1  •  Fro.  167. — Backet  of  a  Tangential  Wheel ;  Section  in 

W  ^IP©    losses    (^neg-        a  Horizontal  Plane  through  the  Axis  of  the  Jet. 

lecting  minor  losses) 

=.^,  or  f since  r-      ^  ^^     '^^""^ 

O)  Nozzle  losses  (see  §  184) 


=  '-••!)-/ 


-0*2^ 


d*. 


2g\C'      J 


V?       F» 


2 


2^ 


(<?)  Kinetic  energy  of  water  discharging  from  nozzle 

(«)  Distance  (vertically)  from  nozzle  orifice  to  tailrace 
^y  Bernoulli's  theorem,  adding  (a),  (ft),  (c),  and  («), 

7      7       J)l^2g       "igC^ 


I 
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Therefore, 

(^.-8.02 

And 

r.  coso-  r.  coso°-  V. 

The  pipe  should  be  so  designed  and  the  wheel  so  set  as  to  mahe 
V,  .18  great  aa  possible,  consistent  with  roost  economical  tirst  cost 

iind   yearly  maintenance  of  the   pipe  line. 

theoretically  makes  E  a  maximum  may  be  determined  by 


^     V. 


but  this  is  only  a  mathematical  deduction. 


To  find  V.  COS  e. 

On  the  assumption  that  the  water  enters  the  wheel  without 
shock,  by  diagram  of  velocities,  figure  149, 

"fl'  =  '  '.=  +  S^-2V,3coBa.  (18) 

From  (18),  since  coa  a  =  +  1, 

V=  IV -2  KS-i-SK 
Then,  wp  =  K  -  S.  (19) 

From  (11),  since  ^  =  ^;  and  *?„=&,    and  ooaaidering  the 
7       7 
losses  in  the  bucket  as  nozzle  or  orifice  losses  (§  184),  by  Bernoulli's 

theorem  al.  £,_:£,  £._IlV-L  -  1^ 

Then,  also  by  (19),       ii,  =  C^v,  =  C,(  C.  -  S). 
By  (4),  (19),  and  (20) 

K,cose  =  »,coa8+«-<7,(r.-«)l!0«8  +  a 

Then,  by  (16), £- ^ (  V.  cos  a-V,  cos «)  S 
3 

_!£5(K.-S)(l-(7,co8  8)S. 


SoTK.     When   S  =  — ',  the  condition  of 
Chapter  XVII.)  ^ 


4y 


K.'(l  -  C,  0 


(20) 
(21) 

(22) 
(See  (29). 
(23) 
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JE*,  the  hydraulic  efficiency,  .=  <^'~'^)(^  "  ^l^""^)*^.       (24) 

Jj;,  the  plant  efficiency,      =  (J^-S)(l-C^coBh)S        ^^^^ 

m 

459.  Example.  Given  a  tangential  impulse  wheel;  total  fall, 
300  feet;  diameter  pipe,  2  feet;  length  of  pipe  10,000  feet;  diam- 
eter of  nozzle  \  foot;  nozzle  velocity  coefficient,  .96;  nozzle 
orifice,  5  feet  higher  than  tail- water ;  i\r«s  203.1;  diameter  of  wheel 
at  the  place  where  jet  strikes,  6  feet;  angle  of  guides  at  exit, 

S = 170^ ;  friction  factor,  /,  for  pipe  =  .0207 ;  Cj = .90;  4  =  I •   The 

J)     6 

total  head  300  =  .0207  x  1^  x  ^%  g/  +  ^J^  +  6.0. 
Hence  by  (17),  V,  -  ^.02{-^^^±^'  -  8.02(263.3)* 


S 


=  127.6  feet  per  second. 

ff  X  3  X  203.1 
30 


=  63.8  (  which  =  -5^ )  feet  per  second. 

Cos  170"  =  -.9848;  (7,  =  .90;  l-(7i cos  170°= 1.8863. 

^         ^      3.1416  X  127.6 
^""'^^^ 36 

=11.14   cubic  feet  per  second. 

By  (22),  ^■§2^4x11^^^27.6 - 63.8)(1.8863)(63.8) 

32.16 

>■  165,850  foot  pounds  per  second. 

Horse  power  =  ^^^  =  301.6. 

660 

The  friction  head  in  the  pipe  is  20.2  feet,  and  the  distance 
from  the  nozzle  orifice  to  tail-water  is  5  feet.  Therefore,  the 
effective  head  (JT)  =  300  -  25.2  =  274.8. 

Then  JS[]^,  the  hydraulic  efficiency  of  wheel  and  nozzle, 

«  (^^'^y'  ^  I'^Pf  =  .868  =  86.8  %  , 
32.16x274.8  ^ 

K^  the  plant  efficiency,  =  ^^I'P^J^  \ll^^  =  .796  =  79.6  %. 

o^.lo  X  o\)\) 
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Impulse  Turbines 

460.  The  essential  principles  of  an  impulse  turbine  are  the 
same  as  for  a  tangential  impulse  wheel ;  differing  from  the  latter 
in  the  form  of  nozzles,  and  the  direction  of  the  jet  with  respect 
to  motion,  in  the  shape  of  the  wheel,  and  in  the  general  appear- 
ance of  the  buckets,  which  somewhat  resemble  in  shape  those  of 
simple  reaction  turbines*  All  the  work  is  done  under  atmos- 
pheric pressure,  only  a  few  buckets  at  a  time  are  in  action,  and 
these  are  not  filled. 

Pipe  losses  and  the  head  lost  from  the  wheel  to  tail-water  are 
computed  as  for  a  tangential  wheel. 

The  computations  for  work  and  elB&ciencies  are,  however,  more 
intricate  than  those  for  a  tangential  wheel,  owing  to  the  fact  that 
the  radius  of  the  wheel  at  entrance  may  be  greater  or  less  than 
the  radius  at  exit,  also  the  angles  (a  and  /3)  at  entrance  are  not 
0^;  and  also  there  may  be  a  gain  or  loss  due  to  a  small  fall 
through  the  wheel. 

Figure  158  shows  one  type  of  impulse  turbines. 

Computations  for  an  impulse  turbine,  including  hydraulic  fric- 
tion in  the  wheel.     (See  figure  169.) 


^O.  150.-^lfoszle  and  Half  the  Runuer  of  an  Outward  Flow  Impulse  Turbine. 


'\ 


tr'J.;  S,-"-30 
S,-     30  J, 

Sacr.~"*'«  ,.2  9  feet  S*'**"" 


i 
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By  (A),     «,  -  (ISagi  +  86.9'  -  2  X  182.9  x  85.9  X  .9763)* 

=  100.8  feet  per  second. 
By  (26),     »,  -  .9S(100.8»  +  99.6"  -  SS.O"  +  .65  X  64.82)' 

=  107.2  feet  per  BecoDd. 
t .  107.2  coe  (202°  8')  +  99.5  =  0.     See  §  455  (c). 


Then  V. 
By  (27). 


-(182.9  X  .9763  x  85.9  -  0) 


32.16 
=  476,000  foot  pounds  per  second. 


,  the  hydraulic  efficiency,  s 
.Sy,  the  plant  efficiency. 


576.66  X  16  X  62.4 
476000 


.0.827-82.7%. 


0.815-81.6%. 


Kbactioh  Tubbinbs 
KS.   The  work  done  in  reaction  turbines  is  due  to  changes  in 
Locity  and  direction  of  flowing  water  as  in  impulse  wheels  ;  but 

•>-rl  E= 


1  ii>-.j'*j,-j..k-t-  iJ^JumJU-'^i^J.-.'.  WJ"-.'A.**J 
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in  reaction  turbtnea  these  changes  take  place  in  a  chamber  a 
from  the^ir,  mid  filled  with  the  flowing  water. 

463.  The  setting.  The  wheel  is  set  either  in  a  pit  or  flumt 
sealed  on  top  by  a  column  of  water  (see  figure  160)  ;  or 
wheel  case  of  sheet  metal  to  which  the  water  is  conducted 
pipe  (penstock)  tightly  connected  to  the  wheel  case  (see  f 

1-1). 

Figure  148  shows  the  arrangement  of  a  pair  of  reaction 
binea  on  a  horizontal  shaft  directly  connected  to  an  eli 
generator. 

Figure  161  aha,  vertical  section  of  a  single  reaction  turbi 
a  spiral  case,  and  directly  connected  on  a  vertical  shaft  t 
electric  generator;  figure  161  i  ia  a  horizontal  part  plan  am 
tion  of  the  same  wheel. 

464.  The  draft  tube.  Inward,  downward,  or  mixed  flow 
bines  may  be  liuilt  to  discharge  into  a  pipe,  called  a  draft 
which  is  tightly  attached  to  the  wheel  case  and  has  its  outlet 
submerged  (sealed).  Outward  discharge  turbines  usuall; 
charge  under  water,  op  through  a  comi>ound  tube  called  i 
fuaer. 

The  f  unctioa  of  a  draft  tube  is  to  conduct  the  water  away 
the  wheel,  and  to  act  as  an  air  pump,  which  rarefies  the  air  i 
exit  from  the  wheel ;  it  is  comparable  to  a  condenser  of  a 
engine.  If  properly  proi>t)rtioned  the  draft  tube  enables  the 
lo  produce  aa  much  work  as  if  it  were  set  below  tail-watei 
in  fact  more  ;  because  if  tlie  wheel  discharges  into  the  water 
the  tail-water  surface,  the  loss  of  head,  caused  by  dieturbam 
apt  to  be  greater  than  the  draft  tube  losses.  In  addition,  i 
means  of  setting  the  wheel  economically,  and  where  it  can  n 
be  insjiected  or  repaired. 

The  pressure  Pi  at  the  exit  from  the  buckets  should  theorot 
be  equal  to  p,  —  ^,7,  hut  is  usually  somewhat  more  or  less  thai 

The  draft  tube  should  not  be  laid  on  a  flat  elope,  as  air  i 
to  rise  through  the  water  and  decrease  the  rarefaction 
shiiuhl  preferably  have  a  shape  which  gradually  enlarges  U 
the  discharge  end.  The  dimensions  should  be  fixed  with  refe 
to  thi"  avemije  use  of  water. 

The  height  of  the  draft  tube  above  tail-water  is  limitd 


limita^l 


.'(illv.  !'•  !t'l  ft'ulri  nt'iimlly  it  will  have  to  be  much  leaa.  Miille 
[i\i>M  ii|>|ii'ii!iiiiiiUi'ly  iho  folliiwiii}r  relations  between  diamet 
iiiil  lii'i^lit  of  ilmfl.  liilks  l>iii4e(l  oil  a  study  of  existiog  plai 
\lii>'li  hIiiiw  iIi»(.  tlu>  bi'ii;ltl  (^A^*)  must  be  diminished  as  the  dia 
'111  11  iiK'i'oiMi'd  to  itlvrnt  till'  following  proportions  : 

lUnMii'i.'iT..     Wl         ■(        S        fi        7        S        9       10      12       14 
ILIUM'S         Uvl        -i*       •£!       lit       i;       15       14       U       11        10 

K^^^H^   Ok'so   hoi^hu-i   /  -— +  K*sses  in  the  tube  ]  mnsl   be   s 

i.».I.sl  111  liviiif:  tho  sn.nvable  hoiijhi  i,- 
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465.    The  effectiye  head.     The  effective  head  on  the  wheel  is : 

the  pressure  head  plus  the  velocity  head  at  the  base  of  the  guide 

orifices  added  to  the  fall  through  the  wheel,  less  the  pressure  head 

at    the   runner  orifices,   or  the  top  of  the  draff  tube  if  there  is 

one.     If  ^j  is  atmospheric  pressure,  the  whole  drop  h^  from  the 

runner  will  be  lost ;  if  ^  =  —  A2'  ^^^^  of  A2  is  lost. 
Then  the  effective  head,    J5r=£Q  +  i^4.A,-£l. 

If  then  from  the  total  head  ffj,  be  subtracted  the  losses  in  con- 
ducting the  water  to  the  wheel  and  away  from  it,  the  remainder 
is  the  effective  head  under  which  the  wheel  works,  or  again,  in 
otiier  terms, 

£1  ^  Hip  ""  »*A  —  i^d* 

Theoretically  the  head  due  to  velocity  of  approach  (7-^  )  is  as 

™®^f  111  as  pressure  head ;  actually  high  velocity  of  approach  at  the 
entrance  to  the  guides  is  detrimental  to  good  working. 

Xxx  the  wheel  itself  there  are  other  losses  which  will  be  consid- 
^I'ed  independently. 

406.  The  pressure  heads  at  entrance  to  the  guides,  and  at  exit 
ttoin  the  runner.  The  pressure  head,  p^  at  the  entrance  to 
the  guides  may  be  measured  by  a  gauge  set  in  the  penstock  at  tlie 
We  of  the  guides;  and  p^  by  another  gauge  (vacuum)  set  in  tlie 
top  of  the  draft  tube  ;  the  algebraic  difference  of  the  two  pressures 
corrected  for  any  difference  in  elevation  between  the  gauges  will 
be  a  measure  of  the  effective  head  under  which  a  wheel  is  actually 
working. 

467.  The  pressure  head  at  the  entrance  to  the  runner.  As  the 
intensity  of  pressure  changes  from  point  to  point  in  the  passage 
of  the  water  through  the  wheel, 
the  pressure  pf^  at  the  entrance 
to  the  runner  has  a  value  lying 
somewhere  between  p^  and  jt?i, 
which  depends  upon  the  form  of 

the  pfuides  and  the  speed  of  wheel.  When,  as  in  the  figure  162, 
y8  =  2  a,  it  can  be  shown  that  p^  =  atmospheric  pressure,  and  the 
wheel   becomes  an  impulse  wheel. 
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468.  The  entrance  velocity  not  due  to  the  whole  effective  head- 

The  absolute  velocity  V,  frum  the  gtiiites  is  computed  as  for  any 
Dozzie;    but  as  tlie  intensity  of  the  pressure,  pe,  into  which  th«i     i 
water  is  discharged  from  the  guides  of  a  reaction  wheel  is  greate-mi 
than  atmospheric,  only  part  of  the  effective  head  ff  is  used  i^crh. 
producing  F.. 

469.  Reaction  coefficient.     The  proportion  of  S  which  is  use^   ^ 

in  producing  T'^  in  a  reaction  turbine  is  usually  about  .5,  huzz:»j 
whatever  its  value,  it  may  be  represented  by  *,  the  ao-called  "  rei^c^  ^ 
tion  coefficient."  If  the  reaction  coelScient  becomes  1.0,^^  is  i^^i_-4 
mospheric  pressure,  and  the  wheel  ceases  to  be  a  reaction  turbii^K,^^ 
and  becomes  an  impulse  wheel. 

The  reaction  coefficient,  *  =  - — 77^5-- 

In  designing  wheels  the  reaction  coefficient  is  assumed  to  SM-r^  S 
the  requirements.     If  te  is  known,  then  V^  =  C'„  8.02  (neiT)'. 

470.  Velocity  at  exit.     The  water  leaving  the  guides  enters  t^i^fl 

buckets  partly  in  the  form  of  kinetic  energy,  f-^j;    »nd  par<J-J* 

in  the  form  of  pressure  head,  f^)-     The  aum  of  this  energy        ** 

diminished  in  passing  from  the  guides  to  the  buckets  by  let*^* 
age  through  the  clearance  space,  and  by  eddy  currents.  Tre^*" 
ing  the  buckets  as  nozzles,  the  velocity  (pj)  relative  to  the  ed^* 
of  the  runner  orifices  will  be  due  to  the  sum  of  energy  transmitfc^*' 
in  the  water  from  the  guides  plus  the  algebraic  difference  hetw^^" 
the  kinetic  energy  of  rotation,  due  to  the  speed  of  the  rims  *^' 
entrance  (5^)  and  exit  (5,),  and  the  fall  through  the  wheeL  *' 
any,  less  losses  in  the  wheel  vanes.     That  is, 

.|i!.  =  i2+£2_^  +  |L  +  A  -clearance  losses-bucket  lo8»«s- 

471.  Computations  for  a  reaction  turbine,  including  hydraul"^ 

friction  in  the  wheel. 

r.=  CoX  8.02(«J5")';  also,  V^  =  ^.  C^^^ 

Pfl  has  a  value  about  .95  to  .97. 
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guide  losses  in  terms  of  nozzle  velocity 

Tlxe  losses  at  the  clearance  =  (.08  to  .06)  ^  (assumed).    (32) 

if 

Therefore  £s  =  iT-  -^  -  -^f-i^  -  1 V  COS  to  .06)  ^.       (33) 

'*»       30    '  ^       30    * 

^**  "the  assumption  that  the  water  enters  the  runner  without  shock, 
^®®^  diagram,  figure  149), 

v^  =  r.a  +  -S^a  -  2  V^S^  cos  «.  (A) 

'y  Bernoulli's  theorem. 


2^-2^     2i,+2i,+  7^   ^     2A<7i^       /  ^     ^ 

Oj,  the  coefficient  of  velocity  from  the  runner  orifice,  may  be 
^^Vl^ii  as  .94  to  .96. 

BVom  (34),      ra  =  cJv  +  ^^2  ^s^^^lgi^J^  h^  .         (35) 

By  (4),  Fi  cos  6  =  v«  cos  S  4-  S^- 
Hence  as  in  (14), 

^  =  !^  [  Fa  cos  a  *%  -  (va  cos  S  +  S^)  S^]  ; 
and  as  in  (15),   ^  =  !^(  F.  cos  aS^-V.  cos  e  a^i).  (15) 

if 

The  formulas  for  efficiency  are  identical  with  those  for  au  im- 
pulse turbine  (28)  and  (29). 

472.   Example.     An  inward  flow  reaction  turbine,  with  40  guides 
and  40  buckets,  has  the  following  dimensfons: 

^0  =  4.669  feet ;  r^  =  3. 994  feet ; 

«  ==  349^ ;  B  =  198° ; 

^.  =  40  X  1.007  X  .1467  =  5.909 ;      a^  =  40  x  1.23  x  .1384  =  (1.809. 

Tliig  wheel  is  J.  B.  Francis's  "center  vent  wheel  with  curved 
"^clc^ts,"  and  shown  in  figures  151,  163,  and  164.  In  a  series  of 
^©st^   made  by  him  on  this  wheel  the  highest  efficiency  was  ob- 
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■  tained  at  a  speed  of  iV=  38.1,  under  a  head  of  13.36  feet,  and  the 
discharge  through  the  wlieel  measured  by  a,  weir  was  113.1  cubic 
feet  per  second. 

Figure    163   shows   a   vertical   and   horizontal   section  of   the 
Francis  turbine  used  in  this  example. 
Verlfcal  Sectioa 

II 


'I  Ihrvii^h  Guides  and  Runmrs 

ia's  luward  Flow  Reaction  Turbiue. 


Figure  164  shows  the  dimensions  by  which  the  areas  of  a  single 
guide  orifice  and  a  single  bucket  orifice  are  determined  for  the 
wheel  shown  in  figure  163. 


i 


i^^^- 


Computations  based  on  the  data  given  are  as  follows ; 
By  (14)  and  (15),    £-SS[r.co8a.S,- (»,cos8  +  ,S',)S,]. 
«_113-l_ia,.,     "  .._«_113.1_„,,,, 


V.- 


6.909 
r  X  4.609  X  38.1 


18.63;    S, 


«,      6.809 

TTX  3.994  x3S.l_ 


r. COS «\=  19.14  x. 9816x18.63=  +350. 
1.,  COB  8.J,  =  16.61  x  (-  .9511)  x  15.93  =  -  251.7. 
S,'-16.93>- +253.8. 


By  (14),  E 

76340 


-[350 -(-251.7 +  253.8)] 


H.P. 


32.16 

=  76340  foot  pounds  per  second. 
347.9 


.81  =  81  ijer  cent. 


Francis's  test  results  were ; 

.Bj-75143i  H.P.  =  136.6i  if,  =  79.7  per  cent. 
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The   penstock  was   large   and   very   short   and   there  was  ih 

draft-tube ;  the  total  head  and  the  effective  head  were  pract^ 
cally  identical ;  and  FranoiH'a  efiieiency  included  the  effect  ■ 
machine  friction. 

Example.     Given  on  outward  flow  reaction  turbine,  working  u_ 
der  the  following  conditions :  effective  bead  =  130  feet ;  Q  =  44S 

cubic  feet   per  second;    JV=233Jj    rg=2.625   feet;    i-|  =  3,l 

feet;  C(,  =  .9S;  Ci  =  .95;  /c=.-i8;  a=!l9''6';  /9=110°4C: 
isnlfifi"  43'.     a.  =  7.45  square  feet;  a,  =  6. 03  square  feet. 


Figure  165  shows  part  of  the  guides  and  buckets  ;  figure  166  1 
I  part  plan,  and  sections  of  this  wheel. 
The  absolute  velocity  at  entrance. 

By  (30),  V,=  .9o(2^  x  .48  x  130)*  =  60.2. 

Q  _  448.5 
.7.45  " 


Also 


K  =  ^ 


=  60.2  feet  per  second. 


V,^ 


The  losses  in  the  guides  by  (31), 

=  IIV  J-  -  l")  =  .108  .^",  feet. 
2yV95»        /  2</' 

Tlie  losses  in  the  clearance  (assumed)  =  -070-- 
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Then  the  pressure  bead  at  entrance  to  the  runner,  by  (33)  ; 

7  2(7  2(7  2(7 

gr  «  ^x  2.625x233.5^  g^  2 ;  &  =  64.2  |4it  =  76.4  feet  per  second. 
^  30  ^  2.625  ^ 

The  velocity  relative  to  the  runner  at  entrance,  by  (A) 

Vp  =  [60.2«  +  64.2a-2  X  60.2  x  64.2  x  co8(19°  6')]i 

=  21.0  feet  per  second. 

Then  the  velocity  relative  to  the  runner  at  exit,  by  (35); 

r«  =  .95[212  +  76.42  _  64.22  ^  54.32  x  63.6]* 

=s  75.0  feet  per  second, 

-Also        V3  =  -^  =  "^"?^  =  74.4 ;  using  this  latter  value  of  v^ ; 

a^      6.03 

Then  T.  cos  e  =  76.4  +  74.4  cos  166^  43'=  76.4-72.4=  +4.0. 
y  (14),  j&=  ^^'to^^'^  [60.2(cos  19^  ^^^^^.2  -  4  x  76.4] 

=  2,912,000  foot  pounds. 

Horsepower  =  2912000  ^5295 

650 

Hydraulic  efl&ciency,  Jr^=  r^rrr^ — r—-  =  .80  =  80  per  cent. 

32.16  x  loO 

473.   Illustrations  of  reaction  turbines.    Figure  166  is  an  outward 

flo"w  turbine,  the  one  used  in  the  example  immediately  preceding. 

figure  167  (Plate  I)  shows  a  Boyden  wheel,  the  earliest  turbine 

o^    the  outward  flow  type  used  in  America.     (Compare  this  with 

tl\«  \^heel  in  figure  166.)     Figure  167  a  shows  a  set  of  guides, 

*iid  a  runner.     Figure  167  b  shows  an  outside  view  of  another 

^^yden  wheel  set  in  place.      It  shows  also  a  Boyden  diffuser, 

'^hich  is  merely  a  flaring  outlet  built  around  the  entire  wheel  at 

^xit  from  the  runner.     The  crosshatching  and  dimensions  show 

bo-^  areas  of  g^ide  orifices  («»)  and  of  runner  or  bucket  orifices 

v^«^  are  determined. 

I*^igure  168  (Plate  II)  shows  two  views  of  a  Swain  runner, 
^"^  earliest  type  of  the  upward  and  downward  flow  (mixed  flow) 
^yp«.     Crosshatching  shows  the  area  of  a  single  runner  orifice. 


Tin.  166.  — Oulwar.l  Flow  Rpaction  Turbine  (a  very  madi-m  wheel). 
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s  guides  and  gate  for  this  wheel  are  similar  to  those  shown  in 

ures  169  and  170. 

Figure  169  a  shows  the  inside  of  a  wheel  case,  and  the  guides 

of  a  pair  of  modern  turbines  (54  inches  diameter).     Figure  169  6 

sliows  the  inside  of  one  of  the  draft  tubes  and  the  bottom  of  tlie 

runner  of  one  of  the  pair  of  wheels  of  which  the  guides  are  shown 

in  figure  169  a.     The  crosshatching  on  169  a  shows  a  guide  orifice 

area,  on  169  b  a  runner  orifice  area.     (See  Plate  III.) 

Figure  170  a  shows  part  of  the  wheel  case  for  a  pair  of  33-ine}i 

turbines.     In  this  setting  each  wheel  discharges  through  a  short 

quarter  turn   into  a  common  draft  tube.      Figure  170  c  shows 

more  of  the  case,  and  the  guides  of  the  wheels  which  were  set 

with  figure  170  a.     Figure  170  b  shows  the  pair  of  runners  with 

their  shafting,  which  were  set  into  the  case  shown  in  170  a  and  c. 

Figure  170  rf  shows  one  of  these  runners  with  an  orifice  area  (a^) 

marked.     (See  Plates  IV  and  V.) 

4T4.   From  the  fundamental  principles,  formulas  or  equations 
for    proportioning  turbines  may  be  deduced.     By  the  aid  of  these 
equations,  starting  with  a  known  head  (5),  the  required  speed 
Casually  determined  by  the  character  of  the  installation),  a  reason- 
able assumption  of  efficiency  based  on  tests,  and  data  gathered 
^rom  practice  and  tests  as  to  diameters,  speed  factors,   reaction 
coefficients,  shape  of  guides  and  buckets,  wheels  may  be  designed. 
This  subject  is  too  detailed  and  difficult  to  be  further  treated  in  a 
•^ok  on   elementary   hydraulics ;    and   the    mere    elaboration  of 
^tional  formulas  without  test  data  has  little  practical  usefulness. 
The  runners  of  the  turbines  selected  for  illustration  in  figures 
^^1  164,  165, 166,  and  167  represent  very  well  some  of  the  simple 
V  pes  of  turbines ;  and  the  examples  illustrate  the  application  of 
^^  basic  formulas  to  turbines.     The  runners  of  the  types  repre- 
^^f^ted  in  figures  168, 169, 170,  and  172  are  more  complex  ;  and  tlie 
^Ht^y  through  the  bucket  orifices  cannot  be  treated  as  a  single 
**^am,  but  as  an  aggregate  of  streams,  each  of  which  has  its  own 
l^^'th  through  the  runner  and  each  of  which  must  be  independently 
^^puted;   the  computations,  while  more  difficult,  because  much 
^^i*e  detailed,  are  in  principle  the  same  as  for  simple  types. 

475.    Summary  of  the  losses  of  energy  in  turbines.     In  addition 
^  the  hydraulic  losses  due  to  friction  and  change  of  velocity  and 
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direction  in  the  penstock,  wheel  ease,  wheel,  and  draught  tnbe, 
leakage  and  energy  carried  nway,  there  are  certain  losses  due  to 
■the  machine  friction.  The  total  loaaes  have  been  variously  esti- 
mated in  terms  of  percentage  of  the  energy  available.  They  maj 
be  stated  approximately  as  follows ; 

Hydraulic  losses 8  to  15  % 

Leakage  between  guides  and  runner    .     .     .     2  to    8  % 

Energy  carried  away  by  water 8  to    7% 

Friction  of  runner  and  shafting 2  to    5 1^ 

IStoSOri 

This  means  an  efficiency  of  85  per  cent  to  70  per  cent. 

476.    Commercial  efficiency.     The  efficiency  must  be  clearly  d* 

fined   in  any  case,  but  in  general  the   ordinary  trade  use  of  tha 

term    means    the    ratio   of  the   brake  horae    power  with  wlied 

counterbalanced  as  measured  on  the  shafting  to  the  horse  powei' 

due  to  the  discharge  of  the  wheel  for  the  total  net  fall  measured 

very  close  to  the  wheel.     See  figure  148.     All  losses  between  the 

points  where  the  head  is  measured  are  therefore  chained  against 

the  wheel.     lu  general  commercial  usage, 

T7a-  ■              Brake  horse  power  x  550  ,ns\ 

Efficiency  = ^ (36) 

An  efficiency  of  75  per  cent  for  a  good  modern  wheel,  if  properly 
set  up  and  run,  is  a  safe  basis  of  estimate  ;  SO  per  cent  is  usually 
specified  for  tests,  and  efficiency  as  high  as  85  per  cent  is  occa- 
sionally attained  in  tests  where  the  conditions  are  favorable ;  but 
the  losses  due  to  defective  settings  may  entirely  offset  any  parCic* 
ular  merit  in  a  wheel. 

Testing  Water  WHKEia 

4-77.  Water  wheels  may  be  tested  either  in  a  testing  station  or 
flume  or  after  being  set  up  in  place  and  ready  to  run.  Testing  "> 
place,  if  feasible,  is  a  more  trustworthy  guide  as  to  the  actual  p'^'^ 
formance,  because  such  a  test  includes  tiie  effects  of  the  wheel 
settings,  which  are  a  very  important  factor  in  the  output  of  work. 

Testing  wheels  in  place  has  not  until  recent  years  been  feasiDl^ 
in  most  plants  :  because  of  the  expense  and  difficulty  of  setting 
up  a  friction  brake  to  measure   the  work;  and  because  a  wir. 


Fid.    172.  — A    4tl-iiioh 

ot   thfn  wheel   i 
viirked  out  In   UtTJ  t 
Hie  tintehiag  ahowR  th< 
[uj^  ot  an  exit  orl&ce. 


H 


UC  UBSA 


Mr).leni  Rencilon  Turiiliips  (mixed  flow)  :  a  P»ir  oi  SJ-lncli  Turbines  set  on  Uie  Same 

lij'iiii;:.  .a.'h  "Wlieel  liaviUH  u  Sepanvlti  Draft  TuIjb 


L 


111.  1706-  — Mncleni  Rpuflimi  T>irliiiii-n  (mii.^ 
Same  SbaflliiK,  bolb  W'hetin  discharglug  ii 
■  Quarter  Tuni. 
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wliich  has  been  the  only  satisfactory  means  of  measuring  the  dis- 
cbkarge,  can  not  be  operated  without  a  considerable  diminution  in 
tkie  head  acting  on  the  wheel,  which  may  interfere  with  the  ordi- 
nary running  of  the  plant.  In  modern  hydroelectric  plants,  a 
new  electric  generator  in  which  the  losses  have  been  previously 
determined  by  tests  in  the  maker's  shops  furnishes  a  measure  of 
the  brake  horse  power.  The  Alden  dynamometer,*  which  can  be 
readily  transported  and  set  up,  furnishes  an  accurate  and  con- 
venient brake  for  measuring  the  horse  power  of  wheels  in  place. 
The  space  occupied  by  this  brake  is  usually  no  greater  than  that 
required  for  the  generator,  which  is  operated  by  the  wheels. 
W'ith  these  methods  of  measuring  power,  and  with  the  well-estab- 
lished use  of  current  meters,  rod  floats,  and  the  increasing  use  of 
the  pitometer,  wheels  of  practically  any  capacity  can  be  accurately 
tested  in  place  both  for  power  and  for  consumption  of  water. 

478.    The   Holyoke  testing  flume. f     The  only  public   testing 

fluxne  in  the  United  States  is  one  owned  and  operated  by  the 

Holyoke  (Mass.)  Water  Power  Company.     This  testing   flume, 

m    hrief,  comprises :  a  wheel  pit  20  feet  square  into  which   the 

'^'heel  is  set  for  testing  ;  gauges  for  measuring  the  head  acting 

on    the  wheel ;  Prony  brakes  for  measuring  the   work  done  by 

the  wheel,   which   can  be  set  for   either  vertical   or   horizontal 

shafts ;  and   a  weir  similar  to  Francis's  original  weir,  but  with 

sonae  modifications   in   the  apparatus  for   measuring   the   head. 

The  capacity   of  the  weir  is  about  230  cubic  feet  per  second  ; 

small  wheels  can  be  tested  for  heads  from  4  to  18  feet,  and  large 

'W'heels  from  11  to  14  feet.     Turbines,  on  vertical  shafts,  up  to  300 

-ff/^  have  been  tested.     In  this  plant  several  thousand  wheels  have 

^en  tested  ;  and  on  these  tests,  the  design  of  low-head  American 

turbines  is  largely  based. 

^5^9.   A  Holyoke  test  and   computations.      The    necessary   ol>- 

serv^tions  comprising  a  water  wheel  test,  and  the  common  de- 

^^ctions  from  a  test,  are  indicated   by  the  following  coi)y  of   a 

^olyoke  test,  and  certain  computations  (in  italics)  which  an  en- 

8^^eer  would  usually  make  to  adapt  the  test  to  the  conditions 

^der  which  the  wheel  is  to  run.     See  Table  LX. 

Description  by  C.  M.  Allen,  Engineering  Record,  March  31,  10(H3,  and  Feb- 
9,  1907.  t  R  H.  Thurston,  Trans.  Am.  Soc.  M.  E.,  Vol.  8,  p.  ;>>9. 


HTIIKMnjCS 


< 


*!' 

0^ 

lilllSIIIJ   35545I 

t  i|?j? 

iliililiil  liisii 

^ii^ 

Isiiiliili  iliiiil 

1 

f  in 

ilSlsSilsl    ispRt 

'-  \m 

tii-iiiii-ie    issm 

« i|ii4 

efllHL 

8|?|BpggpSJ|gJ| 

--  1 

iiil 

""•="--■"--""""" 

*  ijHs 

IllliSliiaslitliS 

=■  ~  c  a  s  =■  =  -i  e  o  Si  o  c*  o  o  o  o 

.- 

!|I| 

lillilliliilSES.?.! 

I  !    it 

"  *  ' 

1  - 

r 

111 

..„  =  .-,-S«=,-5^SS£z 

TESTING  WATER  WHEEI5 


g  s  S  s  SSSSS 


SSsSiSSSS 


:  -S  S  SSZSSs 


sssassssssssssssssgsssgs 


ES=SSSgSS 


!gs3gsss?gsj|ssB| 


I^SSSSS^Ss 


lliil 


HYDRAUUCa 


The  wheel  referred  to  in  this  test  Is  one  of  a  pair  which  - 
ehowQ  in  their  wheel  case  in  figure  171. 


A  view  of  the  runuer  is  shown  in  figure  172  (Plate  IIj,the  crn»  — 
hatching  showing  how  the  areas  (as)  of  the  runner  orificea  we^ 

de term i lied.     See  §  483. 

480.  The  Items  in  the  original  report  of  the  test  are  as  follow^ 

Column  1 :    The  number  of  the  experiment  or  run. 

Ct)LUMN  2 :  The  proportional  part  of  the  full  opening  of  spe^ 
gate  at  which  the  gate  is  set  during  each  run. 

Column  3 :    The  proportional  discharge  for  each  run  comparf^ 
with  the  maximum  full  gate  discharge  at  about  tir' 
point  of  highest  efBciency,  experiment  10,  reduce 
to  any.  common  head  by  formula  (40) ;  here  it 
the  ratio  of  each  discharge  in  column  II  to  tl 
discharge  for  experiment  10  in  the  same  coUim* 

Column  4 :  The  head  acting  on  the  wheel,  being  the  different 
in  elevation  between  the  water  surface  just  abo^ 
the  wheel,  and  the  water  surface  in  the  chano^- 
below  the  wlieel. 

Column  5  :    The  duration  of  each  run  in  minutes. 

Column  0 :  Tlie  number  of  revolutions  in  each  run  divided  "^ 
tlie  duration  of  each  run,  or  the  revolutions  ]^~ 
minute. 
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Coi-UMN  7 :  The  discharge  in  cubic  feet  per  second  for  each  ex- 
periment, measured  on  a  weir  of  known  length. 

Column  8 :  The  horse  power  developed  on  the  wheel  shaft  dur- 
ing each  run  from  computed  measurements  of  the 
load  on  a  Prony  brake,  the  radius  of  the  brake 
arm,  and  the  number  of  revolutions. 

Column  9 :   The  percentage  efficiency  of  the  wheel  for  each  run, 

being  the  brake  horse  power  (col.  8)  divided  by 
the  theoretical  horse  power  due  to  weight  of  water 
falling  each  second  (col.  7)  through  the  head  dur- 
ing the  experiment  (col.  4).  Thus  for  experi- 
ment 10  the  efficiency  =  ^^,  y?/f'^^ 

^      208.68  X  16.42  x  62.4 

=  82.25  per  cent. 
'481.  The  probable  performance  of  a  wheel  at  other  heads  and 
speeds  than  those  of  a  test  may  be  predicted  with  reasonable 
assurance  from  a  test  provided  that  the  setting  for  use  is  as 
favorable  to  efficiency  as  that  of  the  test,  and  provided  the 
divergence  of  head  and  speed  in  test  and  use  are  not  too  great. 
•The  method  of  making  such  comparisons  is  to  consider  the 
^^lation  of  efficiency,  horse  power,  and  discharge  to  the  "speed 
f«^ctor." 

482.  The  "" speed  factor"  (^SF)  or  "relative  velocity,"  as  often 
*^8ignated,  is  a  ratio  of  the  speed  of  the  rim  of  the  runner 
C^t  a  point  midway  between  the  upper  and  lower  limits  of  the 
**^icket  entrance  orifices),  to  the  theoretic  velocity  due  to  the  head 
*<^ting  on  the  wheel ;  and  is  figured  for  the  entrance  of  the  runner 
*^^iiply  for  convenience  of  comparison. 

The  ** speed  factor,"  or  "relative  velocity" 

cxT  '^I>N  .006529  DiV'  .q7x 

SF=:  r= T (37) 

60  X  (2gH)^  H^ 

2)  S9B  diameter  in  feet  of  a  circle  marking  the  edges  of  the 
entrance  orifices  of  the  wheel  buckets. 
Column  10  gives  the  speed  factors  computed  for  tlie  actual 
®^l)eriment  No.  9,  the  wheel  runner  being  assumed  to  be  48  inches 
C"^  feet)  in  diameter  at  the  middle  of  the  entrance  rim. 

I'or experiment  9,  SF=      7rx4x95  gg^ 

60x8.02x15.6* 
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483.   ABSumptaons  made.     The  computations  of  the  results  of  a 
teat  are  based  upon  the  following  assumptions : 

(1)  For  a  constant  proportionitl  gate  opening  and  a  constAnt 
speed  factor,  the  efficiency  sliould  be  constant.  (38) 

(2)  For  a  constant  proportional  gate  opening  and  a  constitnt 
speed  factor,  the  discharge  in  cubic  feet  per  second  should  be  pro- 
portional to  the  square  root  of  the  head  acting  upon  the  wheel. 

In  the  case  of  most  of  the  trade  wheels  with  cylinder  gates, 
this  gate  is  about  an  inch  thick  and  the  reduction  in  area  through 
the  guides  is  confined  simply  to  the  area  under  the  gate. 

The  outlets  of  the  buckets  may  he  regarded  as  nozzle  orifices, 
the  area  of  which  may  be  determined  by  direct  calibration,  being 
the  sum  of  the  cross -sectional  aresis  of  all  the  orifices  at  ri^lit 
angles  to  the  average  direction  of  flow  at  the  exit.  In  the  figures 
of  turbines  shown  the  measurements  needed  to  determine  tht*se 
areas  are  indicated. 

In  a  turbine  the  area  (ai)  of  the  runner  orifices  is  constant,  but 
the  entrance  of  water  to  them  and  discharge  from  them  is  modi-- 
fied  by  the  structure,  form,  and  proportional  opening  of  the  gate. 
by  the  speed  of  the  runner  past  the  guide  orifices,  and  by  the  tli' 
mensions  and  angle  of  the  guides.  If  the  coefficient  of  discharg'* 
Ca  of  the  nmner  is  made  to  depend  on  these  factors,  it  may  l>* 
assumed  constant  for  a  given  speed  factor  and  gate  opening. 

Then  for  a  given  gate  opening  and  a  given  speed  factor, 

g„_a».(2/;g„)'_/g„y 

Q„  being  the  discharge  for  a  head  ff^,  determined  by  experi- 
ment; and 

Q^  being  the  discharge  for  any  other  head  (fij)  at  the  saBO^ 
speed  factor  and  gate  opening. 

The  area  (a„)  of  the  guide  orifices,  and  the  area  (nj)  of  the  X"**"' 
ner  (irilices  in  the  wheel  tested  were  measured  as  follows; 

Number  of  guides,  20. 

Muiin  width  of  each  guide,  .330  foot. 

Mean  height,  1,915  feet. 

Then  a„  the  area  of  the  guide  orifices,  =  20  x  .330  x  1.91-'' 
12.11+  square  feet. 

Number  of  buckets,  14. 
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^fCean  width  of  buckets  normal  to  stream  flow,  .245  foot. 
^lean  length  of  the  edge  of  bucket  orifice,  3.80  feet. 
Then  a^,  the  area  of  the  bucket  orifices,  =  14  x  .245  x  3.8  = 
13.034  square  feet. 

Then  for  any  experiment, 


Ci  for  the  runner  = 


Q 


13.034  X  8.02  H^ 
For  example,  for  experiment  10, 


(40) 


208.68 


=  .508. 


13.034  X  8.02  X  15.42^ 

In  column  13  of  the  test,  the  values  of  Ci  given  are  thus  com- 
puted. 

(3)  For  a  constant  proportional  gate  opening  and  a  constant 
speed  factor  the  brake  horse  power  of  a  wheel  is  proportional  to 
the  three  halves  power  of  the  head  acting  upon  it. 

The  energy  put  into  the  wheel  in  any  experiment  =  wQU^  foot 
pounds  per  second. 

The  energy  delivered  at  the  shaft  which  is  measured  by  tlie 
brckke  is  g^ven  in  column  8  for  each  experiment,  =  HP^. 

The  efficiency  as  measured  by  the  brake,  K^  =  —  '^    ^'^ -, 

If  the  assumption  holds  that  for  a  constant  gate  opening  and 
spared  factor  the  eflSciency  is  constant  and  the  discharge  varies  as 

\  then 
^OT  a  given  speed  factor  and  gate  opening, 

JTPq  =  measured  horse  power  by  experiment  for  a  head  ff^ ;  and 
J?Pj=the  horse  power  for  any  head  (^j)  at  tlie  same  speed 
factor  and  gate  opening. 


(41) 


was 


_-   The  wheel  tested  was  one  of  a  pair  rated  as  48  inelies  in 
^^"^^cxeter  (see  figures  171  and  172),  and  intended  to  run  at  a  speed 

^33  revolutions  per  minute  under  a  head  of  21  feet,  which 
^^^  for  the  best  average  speed  at  part  gate. 
■**^or  these  conditions, 

The  speed  factor      ^ -02612  JVr^  .02612  x  1^3^  ,,3 

M^  2li 
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a  ion  of  efficiency  to  proportioaal  gate  opening  for  a  speed 

.  —  In  figui-e  173  A  are  druwii  curves,  one  for  each  of 
the  openings  tested  (full  gate,  .7a,  .638,  .5,  and  .37  gates); 

the  lit.  ales  of  the  points  through  which  the  curves  are  drawn 

are  the  speed  factors  (column  10)  and  the  correspoiiding  effi- 
ciencies (column  9)  as  determined  by  tbe  test.  From  those  curvea 
for  a  speed  ictor  of  .758  (corresponding  to  JV=  133,  and  ff  =  21) 
the  following  relation   between   gate   opening   and   efficiency  is 

found:       c       ioneniiiff  1(1  .78 


.50 


.37 


From       !se  e 

factors  due  to  auj-  co 
limits  of  the  &sp< 
factor  being  compuut 


'  ■)         77.5         67.0        53.6 
ai   efficiency  for  other  speed 
eed  and  heads  may  within  the 
in  a  similar  manner,  the  speed 
37). 


incy  with  speed  factor  and  gate 

1  gates  is  nut  attained  at  tlic 
factors  shown  in  tbe  follov- 


486.  Variation  in  maximi 
opening.     .Maximum  efficiem 
speed  factor  .758,  but  at  tbi 
ing  table. 

The  following  figures  interpolated  from  columns  9  and  10,  or 
from  the  curves,  show  the  relation  of  gate  opening  and  maxioiuiii 
efficiency  to  different  heads  and  speeds  : 

Gat«opeDiiig  1.0  .78         .638  .50        S! 

Maximum  per  ceot  efficiency  82.3  81.6         78.2  70.1        BM 

Speed  factor  for  niaiiniiim  efficiency      .848         .781  .707  .874        .58* 

For  a  constant  head  (21  feet),  the  speed  for  maximum  effieianey 
is  as  follows  : 
RBquirod  N  for  //  =  21  feet  U9  133  124  118        IM 

For  a  constant  speed  (iV=  13.3"),  tbe  head  for  maximum  effi- 
ciency is  as  follows  : 
Retiulred  //  for  -V  =  l:W  10.7  20.7         24.1  28.6        3W 

487.  Efficiency  at  full  gate  for  various  heads  when  N  =  133. 
Heads  lU  21)  24  28  .32  3it 

Speed  factors  .868         .777         .709         .656         .614         ,570 

Per  ceut  efficiency      74  7U  7S  BO  81  80 

488.  Variation  in  efficiency  with  changes  in  speed  aod  gate. 
Iii.-ipiiotiun  of  llic  tables  and  curves  shuw.s  that  between  .78  ga'^ 
and  full  gate  opening  at  moderate  speeds  for  a  conaitlerabls 
range  in  speed,  the  efficiency  varies  but  little  with  either  chaiig* 
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iu  gate  or  speed  factor ;  but  at  high  speeds  the  changes  are  mucl^H 
more   marked ;   for  smaller  gate  openings  and  at   high  and  1o<m^ 

Bpeed  factors  the  falling  off  in  efficiency  is  rapid. 

489.  The  relation  of  discharge  to  proportional  gate  opening  fo^c 
a  speed  factor  of  .758. — In  figure  173(7  are  drawn  curves  lo^r- 
each  of  the  live  gate  openings  tested;  the  coordinates  of  thi^ 
points  through  which  the  curves  are  drawn  are  the  speed  factors— 
(column  10)  and  the  corresponding  discharges  (column  11)  for^^ 
uniform  head  of  21  feet,  which  were  computed  by  formula  (39  "jH 
from  the  values  in  column  7 ;  thus,  for  experiment  10 : 

_&^  =  f_?L.Y;  0-2-13.3. 
•208.08     Vl5.42y  '   ^" 

From  these  curves  are  then  taken  the  discharge  for  the  live  gafc.« 
openings  at  a  speed  factor  of  .758  (corresponding  to  jr=lS3 
and  ff=  21)  as  follows  : 

Gate  opening  I.O  .78  .638  .50  .37 

Discbarge  at  21  feet  head  243.2  215.4  184.3  IS2.2  120.4 
From  these  same  curves  the  disch;irge  for  auy  other  speed  ai"x<i 
the  same  head  may  be  taken  by  entering  the  curves  with  tl3.o 
proper  speed  factor ;  or  for  any  head  and  speed  by  means  of  tK3.e 
speed  factor,  the  discharge  at  21  feet  may  be  taken,  and  reduc^<l 
by  formula  (39)  to  the  discharge  for  any  given  head  and  speed. 

490.  The  relation  of  horse  pover  to  proportioaal  gate  opening  fey 
a  speed  factor  of  .758.  —  In  figure  173  fi  are  drawn  curves  For 
each  of  the  five  gate  openings  tested  j  the  coordinates  of  tbe 
points  through  which  the  curves  are  drawn  are  the  speed  factors 
(column  10)  and  the  corresponding  horse  power  (column  12)  for 
a  head  of  21  feet,  which  were  computed  by  formula  (40),  Tli«as 
for  experiment  10 

^^^  =  f-^V;  .?/>,  =  477.1. 

300.27      Vl5.42y  ^' 

From  the  curves  are  then  taken  the  horse  power  for  the  fiv'S 
gate  openings  at  a.  speed  factor  of  ,758  (corresponding  to  JV=133 
aiidff=21). 

1.0  .78  .038  .50  .37 

467.2        418.0        338,3        244.2        153.3 

I  curves  tho  horse  power  for  any  other  speed 
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ancl  the  same  head  may  be  taken  by  entering  the  curves  with  the 
proper  speed  factor,  or  for  any  head  and  speed  the  horse  power  at 
21    feet  may  be  taken,  and  reduced  by  formula  (41)  to  the  horsa  ■ 
I>o-w?er  for  the  given  head  and  speed. 

Turbines  as  Water  Metees 
491.  The  construction  of  discharge  diagram.  In  tigure  173  2), 
tt»e  discharge  of  the  wheel  for  a  speed  factor  .758  corresponding 
to  a  head  of  21  feet  at  a  speed  of  133  revolutions  per  minute,  is 
shown  diagrammatically  by  drawing  a  curve  through  five  points 
of  which  the  ordinates  are  the  proportional  gate  openings  reduced 
to  inches,  and  the  abscissas  discharges  for  a  speed  factor  of  .758. 
Tliis  is  merely  a  plotting  of  tlie  brief  table  (§  489)  which  shows 
the  relation  of  discliarge  to  gate  opening  for  a  speed  factor  of 
.758.  Such  a  curve  (diagram  i>)  is  then  a  discharge  curve  for 
the  wheel  tested  when  running  under  a  head  of  21  feet  and  at  a 
speed  of  133  revolutions  per  minute.  In  this  case  the  experi- 
nienta  were  not  carried  below  .37  gate;  and  additional  experi- 
ments at  lower  gates  would  be  necessary  to  complete  the  curve. 
't  may  be  extended,  however,  in  this  case  through  the  origin 
without  serious  error  to  zero. 

If  two  or  more  wheels  of  the  same  capacity  are  to  be  run  on 
^he  same  shaft,  their  combined  discharge  may  be  shown  in  one 
curve  by  making  the  abscissas  the  sum  of  the  discharges  of  all  the 
wlicels  at  the  given  gate  openings  with  any  slight  modifications 
due  to  the  setting. 

In  any  water-power  [)lant  the  head  is  likely  to  vary  ;  for  textile 
**»d  hydroelectric  plants,  or  where  close  regulation  of  speed  is  re- 
Quired,  the  speed  must  be  practically  constant.  Uniier  these  oon- 
"itions  a  diagram  may  be  constructed  for  a  wheel  or  any  number 
P*  Mieels  on  the  same  shaft  for  a  range  of  heads  and  gate  open- 
"•gs  ;  and  from  this  diagram,  with  actual  observations  of  the  heads 
K&nd  gate  openings  at  different  times,  the  compounding  discharge 
Lttiay  be  read  from  the  diagram. 

The  diagram  is  constructed  as  follows  : 
Compute  the  speed  factor  for  each  head.     For  example : 
.02612  X  133 


5^=18,     and    iV=133;    SF=' 


18* 


:.819. 


I 
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Enter  the  discharge  curves  for  head  of  21  feet  (dia^am  17?  T) 
with  a  speed  factor  of  .819 ;  the  discharge  for  each  of  the  fiw 
gate  openings  is  seen  from  the  curves  to  he  243.3,  20ti.2, 176,6, 
148,  and  116. 

Multiply  each  of  these  discharges  hy  {:^j    which   gives  dis- 

ehargea  of  225.3,  190,!),  165.2,   137.0,  107.3  for  the  live  differanl 
gate  opeaings. 

Plot  (he  discharges  thus  computed  against  the  corresponding 
gate  openings  and  there  results  a  new  discharge  cui've  for  the  de- 
sired head  (in  this  case  18  feet).  In  a  similar  manner  each  addi- 
tional head  is  computed  and  plotted.  The  dotted  line  on  figure 
173  D  is  for  a  head  of  18  feet. 

492.   A  complete  set  of  curves  for  various  heads  for  the  wheel 

tested  combined  with  tiie  other  wheel  of  the  same  pair  which  WM 
also  tested,  and  which  is  set  on  the  same  shaft  in  the  same  wheel 
case,  is  given  in  figure  174  (Plate  VI).  The  discharge  is  piac- 
tically  douhle  (not  exactly)  the  discharges  already  computed;  bul 
each  wheel  was  tested  and  computed  separately  and  the 
combined.  This  diagram  is  one  made  up  for  daily  use  iitl 
mining  the  water  used  by  the  wheel. 


e  rea^ 
IS  made ; 


493.  Discharge  curves  when  the  speed  varies  as  well  as  tbi 

If  the  speeds  vary  as  well  as  the  heads,  a  similar  curve  is 
but  the  curves,  though  plotted  as  gate  ojienings  against  di*- 
charge,  should  lie  labeled  each  with  a  speed  factor  instead  of  a 
head.  The  observer  must  determine  the  speed,  as  well  as  tlH 
head  and  gate  opening ;  compute  the  speed  factor  and  enter  the 
curve  by  this  instead  of  the  head.  A  revolution  counter  set  on 
the  shaft  will  give  the  total  revolutions  for  any  period  between 
observations,  from  which  an  average  speed  quite  acturate  eiiougb 
may  he  computed. 

494.  The  use  of  water  wheels  as  water  meters  for  measuring 
water  in  water-power  plants  is  very  uommon  iuid  must  continue 
to  be  the  chief  means  available  ;  and  hy  many  comparisons,  with 
ximultaneous  measurements  by  weirs,  rod  floats,  or  current  nieteig, 
has  been  shown  to  he  accurate  where  all  the  conditions  oE 
setting  are  properly  coiisidered. 
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The  nozzles  of  impulae  wheels  furnish  an  even  simpler  and 
more  exact  measure  of  the  use  of  water  because  the  conditions  of 
use  are  better  understood  and  they  can  be  easily  calibrated.  By 
referring  to  Chapter  XI  it  will  be  seen  that  nozzle  measurement 
requires  simply  the  calibration  of  the  pipe  and  nozzle  orifice 
diameters,  and  the  measurement  of  the  bead  at  the  base  of  the 
Qozzle.  The  computation  of  discharge  should  be  made  by  the 
Common  nozzle  formula  ;  for  cone  nozzles  Freeman's  coefficients 
are  applicable ;  for  nozzles  such  as  are  shown  in  figure  153  the 
coefficient  must  be  determined  by  experiment.* 

Centrifugal  Pumps 
495.    A  centrifugal  pamp  is  an  apparatus  for  raising  water  by 
Teceiving  it  at  a  low  velocity  on  the  interior  edge  of  a  set  of 
[       moving  impeller  vanes,  not  unlike  turbine  buckets,  and  discharg- 


ing it  from  the  outer  edge  with  kinetic  energy  sufRcient  to  raise 
it  to  a  desired  height ;  and  then  by  means  of  a  gradually  enlarg- 
ing spiral  passage  transforming  the  kinetic  energy  into  pressure 
energy.  The  impeller  vanes  are  rigidly  attached  to  a  shaft  which 
is  rotated  by  some  form  of  prime  mover  or  motor,  and  set  inside 
an  air-^gbt  metal  case.     A  suction  pipe  leads  into  the  center  part 

•See  IiuttOffationt  of  Ihe  D»W<  Bffinlating  .Voirfe,  bj   H.  C.  Growell  and 
O.  C.  D.  Ldlli,  BnUetin  Mo.  6,  Abner  Doiile  Co. 
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of  the  case,  and  shouttl  be  fitted  with  a  check  ar  foot  valve;  a 

a  discharge  pipe  leuda  from  the  outer  part  of  the  casing  to 

place  of  delivery.     The  pump  may  work  oubiiierged  or  may 

set  some  height  above  the   water  surface  of   tlie  suppb 

less  than  33,9  feet,  rarely  over  25  feet,  aud  usually  much  I  -^^^^ 

Figure  175  shows  &  diagrammatic  section  and  an  outline  c::^  ^ 

centrifugal  pump. 

496.  Formulas.  The  work  done  by  the  pump  in  increasing  ^j,^ 
velocity  of  the  water  may  be  computed  by  inverting  the  fof'iz^nj, 
for  the  work  done  in  a  turbine  by  the  water. 

Making  I!=  —  J/  in  (lo).  since  the  energy  must  be  supplied^  l,y 


onie  source  outside  the  water. 
Formula  (15)  becomes, 


«.%-  K.cose^,): 


or  designating  the  energy  delivered  to  the  pump  as  B^ 

E,  =  ^iV.  cos  f  5,  -  i;  cos  a  ^o)- 

The  work  done  each  second  CEf)  by  the  pump  must  be  equv-  ^ '" 
lifting  a  given  weight  of  water  wQ  pounds  per  second  to  a  t-^^^ 
equivalent  height  (^r),  comprising  the  actual  lift  (A),  the  f 'O" 
tiou  head  (hj)  in  the  auction  and  discharge  pipes,  the  hydra*-^"*' 
losses  in  the  impeller  vanea  and  casing,  ami  the  mechanical  los*^*''^' 
Or,     Mt=  a  +  A/+ hydraulic  losses  in  pump  +  machine  friction.     •*-   ' 


__»«, 


,.%■). 


Then,  jS,-  wQll,-'^(  V, cos eS. 
S 
From  fj),  V.coseS^-l\cos<tS^  =  <iITi 

A  (.-tnlrifuE^nl  pump,  like  a  reautioa  turbiue,  should  run  witlj 
its    parts     full 


water ;    and    fo*-"^     , 
given  discharge    "^-^ 
areas    of    the       '^^^ 
peller     orifices 
the   interior    cl»-  ^^' 
nels  will  deterii» 
the    velociti  ^^^ 
I  direction  of  vanes  or  interior  c!»  -^"""^ 
correspond  to  the  velocities  produ-^^-^^ 
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the  motion  of  the  impeller.     Changes  in  area  or  direction 
ild  be  gradual,  and  the  interior  surfaces  smooth, 
he   water  should  enter  the  impeller  vanes  without  violent 
ige  in  direction.     That  is,  v^  should  be  determined 

t(i),  ^^2^  r.a  +  /So«-2r.^,cos«. 

liese  conditions  are  shown  by  the  velocity  diagram,  figure  176. 

lie  absolute  velocity  (  Fi)  at  exit  is  the  resultant  of  v^  and  aS^, 

3   shown    by     ^ 

velocity  dia- 

a,  figure  177. 

Dr  conditions 

economy   the 

lute  velocity 

Qtrance  (F^) 

Id    hfLVA     nn  Fio.  177. — IMagram  of  Velocities  at  Exit. 

ential  component ;    that  is,  Va  cos  a  should  be  0.     To  secure 
condition  /3  shoiUd  be  radial  (90°  or  270°). 
Va,  cos  a  =  0,  then  equation  (K)  becomes, 

Fi  cos  eS^  =  gffr  5  or  (L) 

I  V\  cos  €  =  v«  cos  S + ^1 ;  (cos  S  has  here  a  negative  value) 

[nation  (L)  becomes  S^  +  S^  v^  cos  S  =  gffj^  (42) 

om  equation  (42)  and  the  principles  of  the  flow  of  water  in 
d  channels,  with,  a  knowledge,  derived  from  testing,  of 
)roper  form  and  proportions  of  the  passages  through  which 
v^ater  enters  and  leaves  the  impellers,  and  a  knowledge  of  the 
3r  shape  of  the  impeller  vanes  themselves,  the  relation  of 
t,  and  £  to  a  given  head  may  be  determined. 

r.  Single  stage  centrifugal  pumps  which  contain  one  set  of 
Hers  in  a  single  case  are  built  for  lifts  as  high  as  150  feet, 
aigher  lifts  the  speed  becomes  excessive  for  a  single  impeller. 

3.  Multistage  centrifugal  pumps  contain  a  number  of  sets  of 
Hers  mounted  on  a  single  shaft,  each  operating  in  a  separate 
iber,  arranged  to  pass  the  water  through  the  different  sets  of 
Hers  in  succession,  increasing  the  intensity  of  pressure  in 
chamber.  Such  pumps  have  been  made  for  lifts  as  high  as 
feet  while  keeping  the  speed  within  practical  bounds. 
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499.  Tbe  efficiency  of  centrifugal  pumps  is  measured  by  the    ntio 

uf  tli«  weiglit  of  WAtvr  niised  per  second  through  the  actu&/  lift 
ih)  plus  friction  Ijead  (A^J  iu  the  pipe,  to  tlie  energy  delivew 

the  shaft,  viz.: 

Actual  efficiencies  of  centrifugal  pumps  vary  from  less  tluin  .  ■^    ' 
to  occasioually  about  .85. 


1.  A  taagi>Jitial  impulse  wheel  hax  a  diameter  of  5.1  feet ;  its  speet 
revohitions  per  niinul«  and  its  buckets  deflect  the  water  through  195 
liead  Oh  tlie  center  of  the  nozxle  is  020  feet;  the  noxxle  orifice  has  » 
eter  of  ft]  inches.  Assuming  that  tbe  coefficient  of  velocity  from  the 
is  .97  and  the  coefficieiit  of  velocity  from  tlie  bucket  is  .88 ;  compute  (a )  t-  * 
absolute  entrance  and  exit  velocities ;  (h)  the  work  done  in  foot  pounds  p»* 
second;  (c)  the  horse  power;  and  (</)  the  hydraulic  efficiency. 

3.  A  penstock  *J000  feet  long  and  42  inches  in  diameter  made  of  riveft^^ 
steel  with  cylinder  joints  leads  from  a  reservoir  to  two  Pelton  wheels.  T~~l 
fall  from  Uie  reservoir  to  the  center  of  the  nozile  orifice  is  858  feet  and  «il 
noxele  orifices  are  20  feet  above  tail-water.  If  .15  cubic  feet  of  water  per  ^k>« 
UDd  are  to  be  delivered  to  each  wheel  and  the  coefficient  of  velocity  throiiK  t 
the  nozzle  is  .118,  determine  (a)  the  loss  of  head  tn  the  pipe;  (b)  the  tc^l 
head  at  the  base  of  the  noule. 

The  wlieels  are  8.S7  feet  in  diameter,  the  buckets  defiect  tlie  water  thn>K:»  ] 
168°;  Uke  C„  as  .90,  and  assume  that  the  wheels  are  running  at  235  rem«r»i 
lions  per  minute.  Cointmie  (a)  tbe  relative  velocities  at  the  entrance  and  '^ 
exit  of  the  runners:  (ft)  the  absolute  velocity  at  exit  and  its  direction  i  (c)'  "^ 
work  done ;  (li)  the  hydraulic  efficiency  of  the  nozzle  and  the  wheel  combtiB.^ 
(r)  the  efficiency  of  the  plant. 

3,  Given  an  ontward  flow  iinpulae  turbine.  The  effective  head  on  *J 
nozzle  orifice  is  304  feet;  diameter  at   entrance  is  5.5  feet;   diameter  at ^9 

is  0.5  feet,  fall  through  the  wheel  ia  .5  foot;  the  direction  of  the  water 
entrance  is  342";  thedirectiun  of  the  runner  orifices  at  exit  is  194° ;  the  spec-*: 
262  revolutions  per  minute;  the  nozzle  orifices  have  a  total  area  of  .13.^7  »qt»' 
foot ;  the  nuxxle  coefficient  of  velocity  is  .Qb ;  the  coefficient  of  velocity  fK~' 
the  runner  is  .»(!. 

Compute  (n)  the  velocity  from  the  nozzle  orifice;  (6)  the  velocity  lelatiy^ 
the  runner  at  entrance  and  its  direction ;  (<?)  the  relative  and  absolute  vel^ 
tifis  Dt  exit  from  the  runner:  (rf)  the  work  done;  and  (r)  the  hTdraulie  ^ 
ciency  of  the  atuzle  and  wheel  combined. 

4,  The  Francis  turbine  shown  in  figures  151  and  163  discharged  112.5 
feel  per  second  when  running  at  42.5  revolutions  per  minute  under  a  h< 
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13.4  feet.  Compute  (a)  the  absolute  velocities  at  entrance  and  exit;  (h)  the 
<lirection  of  the  absolute  exit  velocity;  (c)  the  speed  factor;  (d)  the  reaction 
coefficient ;  (e)  the  work ;  and  (/)  the  efficiency. 

3.  A  reaction  turbine  having  a  downward  axial  flow  discharged  04.4  cubic 
ieet^  per  second  when  running  at  90  revolutions  per  minute. 

The  dimensions  of  the  wheel  were  as  follows :  mean  diameter,  4.17  feet ; 
mean  area  of  each  guide  vane,  .127  square  foot;  guide  vane  angle,  342"^  1.5'; 
number  of  guide  vanes,  24;  mean  area  of  each  bucket,  .l'^6  square  foot; 
bucket  angle,  1^9*^ ;  number  of  buckets,  24.    Effective  head,  15  feet. 

Compute  (a)  the  absolute  entrance  velocity;  (6)  the  relative  velocity  of 
exit  from  the  buckets;  (c)  the  absolute  velocity  from  the  buckets,  and  its 
d.ir€5Ction;  (d)  the  work  done  in  foot  pounds  per  second;  (e)  the  horse  power; 
Aiid  (/)  the  hydraulic  efficiency. 

6.  The  following  is  the  report  of  the  test  of  a  42-inch  turbine : 
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Efficiency 

• 

cubic  feet 

percent 

percent 

feet 

min. 

per  niln. 

I»er  sec. 

IIP 

y»»r  cent 

35          1.000 

1.007 

13.25 

4 

102.00 

130.78 

155.77 

78.26 

34           1.000 

1.006 

13.18 

4 

106.00 

130.27 

155.:38 

79.79 

83           1.000 

1.000 

13.14 

4 

109.00 

129.30 

153.83 

79.83 

37           1.000 

0.999 

13.41 

0 

112.90 

130..50 

157.79 

79..'>0 

2d            0.800 

0.906 

16.58 

4 

108.75 

131.65 

197.22 

79.67 

2«            0.800 

0.90:3 

16.52 

3 

113.00 

130.85 

196.45 

80.13 

27 

0.800 

0.899 

16.45 

4 

118.00 

130.07 

195.40 

80..56 

26 

0.800 

0.892 

16.39 

4 

123.00 

128.75 

192.87 

80.59 

25 

0.800 

0.886 

16.36 

4 

127.00 

127.85 

188.75 

79.57 

22 

0.656 

0.797 

16.55 

3 

107.00 

115.67 

167.78 

77.28 

21 
20 
19 
14 
13 
12 
11 

r 

5 

0.656 

0.794 

16.55 

4 

112.00 

115.17 

167.99 

77.71 

0.656 

0.790 

16.51 

4 

116.75 

114.45 

167.15 

78.00 

0.656 

0.785 

16.51 

4 

121.00 

113.8:3 

164.99 

77.41 

0.518 

0.674 

16.74 

4 

106.25 

98.43 

l:J6.18 

72.88 

0.518 

0.670 

16.76 

4 

111.75 

97.86 

i:36.:$8 

73.:52 

0.518 

0.664 

16.81 

4 

116.75 

97.17 

134.52 

72.61 

0.518 

0.657 

16.81 

4 

122.00 

96.04 

131.42 

71.77 

0.396 

0.546 

16.97 

4 

102.00 

80.20 

101.53 

65.78 

0.396 

0.544 

16.89 

3 

108.00 

70.77 

100.87 

66.02 

0.396 

0.540 

16.90 

5 

114.20 

79.23 

99.66 

65.63 

HYDRAULICS 

Assuming  that  the  wheel  ie  to  work  under  a  head  of  ]6  feet  at  132  rfiola- 
minute,  compute  for  the  gate  openitigs  given ;  {a)  the  efficiencr : 
(A)  the  discbarge;   (c)  t!ie  horse  power. 

Compute  (rf)  tlie  majcimuui  efflcienuy  for  each  opening  with  a  headed^ 
feet,  and  the  speeds  at  this  maxinium  efficiency;  (e)  the  efficiency  at  beads  n{ 
13,  17,  20,  21.  and  25  feet,  at  a  speed  of  122  reTolutious  per  minute. 

7,  An  inward  flow  reaction  tnrttine  working  under  a  head  of  131  feet  dis- 
cbarges 35  cubic  feet  per  eecond,  when  mnning  at  5S6  revolutions  p^  toinule. 
The  outer  diameter  of  the  runner  is  2  feet,  the  inner  diameter,  1.2  feel,  a  ifl 
3«S  /3  is  270°,  S  is  212"  43'.  Taking  the  reaction  coefficient  as  .50;  C,  M; 
C,,  .05;  and  the  loss  of  elearance,  .072-^  ;  compute  (n)  V",;  eg;  rj ;  (fc)  the 
inten^ty  of  pressure  at  tbe  eutrMice  to  runner;  (c)  the  total  effective  area 
of  the  streams  of  water  on  leaving  tbe  guides  and  buckets ;  (d)  the  work 
done;  (e)  the  horse  power ;   (/)  the  efficiency. 
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B  »  head  in  feet  of  water  »  1.1330  Hg  »  2.3077  p. 
Hf  »  head  in  inches  of  meroury  »  .88264  H  «=  2.0369  p. 

V  »  pressure  in  pounds  per  square  inch  »  .43333  H  »  .49095  Hg, 

V  »  velocity  in  feet  per  second  due  to  a  head  of  H  feet  »  8.02(^)i  «  8.5365(^9)^ 

«  12.183  (p)i 
Q  »  di8oharg:e  in  cuoic  feet  per  second  of  a  stream  having  an  actual  area  of  one 

square  inch  and  a  mean  velocity  of  V  feet  per  second  »  -^. 
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G  a  discharge  in  gallons  per  minute  of  a  stream  having  an  actual  area  of  one 

V  y  1728  V  60 
sqitare  Inch  and  a  mean  velocity  of  V  feet  per  second  =     Vytx     ooi 

&g)^  »  8.02.     Weight  of  one  cubic  foot  of  water,  62.4  pounds.     One  gallon  =  231 
cubic  inches.     ^  -  32. 1 6. 
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89,30 
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13    16 

17 

91,01 

IT 

03:70      93:90 

3    4    6 

U    15 

38      94.48       94.87 

94,87 

9S.36 

05,46+  05.8S-  95,84 

2    4    6 

34       96.43       98.83 

06,83 
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07,22 
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18 
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See  Plain  table,  pages  466,  4B7 
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a.ii7 
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S.nii 
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3.396      3.800 

3.437  1.430 
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3.136 
3.173 
3.20H 

3.344 
3.:2S0 
3.:il0 
3.353 
3.389 

3.420 

3.aui 
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3.aro 

3.01* 
3.B.W 
3.1100 
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3.105-  3.1(W 

3.140  3.H4 

3.176  3.179 

3.311  3.3  IS - 

3.247  3.251 
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3.3:20  3.323 

3.358  3.360 
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3.497  3.471 
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3.017      3.U21       3.0^ 
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»!n23  3!.;)27     H!r>:i'r 

-  3.030  3Ma     3!eno 

3.n37  3.wn 

it!"  13  3!717 
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3.701  3.7)15- 
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'  3,n.I9      3.fl.12 
3,DSS      3.0112 


fl.*929 
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I.X27      4.»CH  4.H; 

1.S7I       4,175+  4,51 

i,\nn+  4,flao  4,n: 
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6,281       fl.as.'i  - 
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5.08!! 
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TABLE  LXXI 


ill  numb*™  between  1  snd  10*,  correct  to  fonr  a!gnlflc»tit 
i  =  6.t)0G.      (Values  obtained  by  lulurpoUtioii  may  be  in 


ueo  pages  give  th?  sqnara  roots  nl 

for  example:   V3TU2  =  1.773;    VST 
in  the  last  figure.) 

in  the  square  root  o(  any  number  ontside  the  range  from  1  to  lO",  write  the  number  na  the  prod- 
0  some  number  between  1  and  10»,  and  (ft)  bouib  (poritlvo  or  negative)  power  ol  l(f ;  then  proceed 
oUowing  examples : 


V3U2nOO  =  V3.142 

Vo.ai 42   =  i/si.i'ix.  iD-J  =  Vai.w X  ' 

'-,  tnnvirig  the  decimnt  point  two  plaara  in  column 


V3.H2xVTffi    =1.773x10'    =1773. 
806  X  10-1  =0.600(1. 
vaUntJo  moving  a  osr.  plaee  U 
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1.400 
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-  1,857 
I.S84 


I.OGS  2.063  3.064 
1.083  2.086  2.088 
U07      2.110      2.112 


I.33S-  3.337 


3.417      2.4  IK      2.421 
2.437      2.430      2.441 


-  1.768 
1.7S6 
1.814 
l.S4t 

f  i.sas 


2,017 
2]06n 


3.341 
3.3S3 
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3  3  3 
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A    2.S30 

2.533      3,534      3.636 

2.544      2.546      2.548 

7     2.583 
a    2.008 

2,810      2loi2      2l6l3 

!s+ai  s 

2l831      3,633        ISZS- 

!  ?^- 

i     3.7  7 

3l782      3l7B4      2I786 

2.760      3.771      3.773 
2.787      2.7S9      2.701 

2.812      2.814      2.SI6 

2,818      2.820      2.821 

2.823      3.825-  2J137 

»   ;s98 

i    2,015+ 

3.848       3.860-  3.861 
2.865+  2.867      2.869 

2,017      2.010      2.921 
2,934      2.936      2.938 

3.853'*'  2.SS5-  3l867 
3.871       3.B72      2.874 
2.8S8      2.890      2.801 

3,022      3.024      2.026 
2.030      2.041      2.043 

iS  IS    s 

1    ^'(WO 

3.035-  3.038      3.038 

3,040      3.041      3J>43 

3.CH5-  3.016      3.018 

4     3.083 

3.084      3,0S5+ 3.087 

3,089      3,090      3.092 

3,004      3,095+  3,097 

8  iiiso 

M    3.146 

'  Isji 

1     3>43 

1 

MS 

1     4.796 

4  4.800 

i     6.D00 

1  IS 

■     8.385  + 

.     61508 
1     5.067 
1     6,745- 

5  5.018 

I     8.000 

/ft245-  / 

3ll48      3lM-allW^ 
3.178      3.194      3.209 

afn    tfm    slsS 

3.610      3.633      3.647 
3,755-  3.768      3.7S2 

3.886      3.800      3.013 
4J)I3      4.025-  4.037 
4.135+  4.M7      4.1.W 
4.354       4.306      4.278 
4.370      4,383      4.303 

4l5D3      4laOI       4I6IS  + 

is  i'i  ii 

sllOO      5l??B      5l?28 
5.20s      5,316+  SJ25- 

5.394      6I404       GI413 

5,486      B.49B+  5.505- 

b1688       6l076-  6l683 
S.7.W       .5.763      5.771 
5.810      6848      5.857 

8l00S^6loi7      6l025- 

s.'253     elaei     61209 

3.153      3ll54      Sl  56 

3.924       3.937      3.950- 
(llTl       4ll83      4I105  + 
4I405-4I4I6      4I427 

4le28       4I037       4l84S 
4,733      4.743      4.754 

5.040      5.960-  B.060 

5I422      6I43I      BI44I 

Sl604      Sl613      sliffii 
B.693      S,70l       B,7ig 
6.779      B.788      5.707 
5.865+  5.874      B.882 

6.0.W-  S.9S8      S.967 
8.033      6.043      6,050- 

6.^17       6.1«.~   B.m 

3I168    also    sliei" 

sIbm      sl6re''"3l6M" 
3.701      3.715-  3.728 
3.834      3.847      3.B80 

4ll3B      414.10-  4I46I 

4.650-  4.661       4.572 
4.658      4.669      4.AI>I0 

4.970      4.980      4.090 

5,070      6,070      5.080 
5.167      5.177      S.I87 

5I45O-  5I4SO      5I408 

5-541       fi.B50-  5.5S0 
6.830      5.63R      G.64S 
5.718      5,737      5,736 
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4    A    e 
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bItOO      6:707      6:804 
6,863      6.870      6,877 

7!0O7      7.014      71021 

7-078      7J186+  7.003 

7:M6+  7:Sfl2      7lfl0 

7.4S3       7.430      7.430 
7.400      7.407      7.503 
7.450      7.503      7.670 
7.633      7.829      7.635  + 
7JWS      7.00*      7.701 

7.763      7.750      7.70S  + 
7.817      7.823      7.830 

aiooe     8:oi2~  8:oio 

aOSB      S.07S-  8.081 
&IM      8.130      8,143 
B.IOI       8.108      8,204 
8.353      8.258      8,204 
8.313      8.310      8,325- 

8.373       8,370      8,385- 
8,433      8.438      8,444 

'-OOb"  8:614      8:620 

s  noa      8.673      8,678 
-7M       8.720      8,735- 

8.050-  8.055+  8.081 
O.IXM      0.011       0.017 
0.061       0.066      0J)72 

»:i7i   9:i7B  o:ia3 

M  siJi- 

■'  753      9.757      9.762 
1^03      9.808      9.813 
■^.M*      0,859      9.864 

0:9.55-0:900       9:965  ~ 

6.312     e:si9    6:527 

6.688      O..'.05+  0.003 

6.738       6.745+  6.753 
6.S12      0,810      6,830 
6.886-  8.802      0.800 

7:030      7.036      7:043 

7.090      7.100      7,113 

Jiw      7:382      7:380 

7:510  7:517   7:523 

7.S76      7.683      7,580 

7:707    7:71*     iWm 

7,772      7.778      7.786- 
7,838      7.842      7.849 

b:026-  8:03l      8:037~ 

8.087      8,003      S.OeO 
8.149      8,156-  8.101 
8,210      8,216      8,222 

S.SOfl      8,806      8.402 
8.450-  8.466       8,482 

8:036      8:031       8:637 

8.083      8,080      8,695- 
8,741      8.746      8.7,12 
8.708      8,803      8.809 

8.067      8,073      8.078 
0.022       9,028       0.D33 

o:i87   0:19a  9:108 

0:340      9:354      9:350 
9.402       9,407       0.413 

b'j^      o:5«0      o:671 
9.767      0.772      9.778 
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e:468     e:465+  0:473 
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7.120      7,127      7.134 
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9.0.'I9       0.044        9.050- 
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9,311       0.317      n.322 
9,306-9.370      9,375  + 
9,418      0.423      0,420 
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5  0    7 
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ll    6    « 

S!! 
Ill 

4    5    6 

111 

lis 

4  5  a 

ill 
iii 

4    4    8 
4    4    5 

4   *   a 
4  4  a 

4    4    8 

*    * 

^^^^^                  ^y 

TABLE  LXXn 

These  two  page*  give  the  cubes  o(  all  numbers  between  1  and  10,  correct  to  [<mr  signiflcanl  fi^ 
ssawple^  (2.718)"  =  al).08.     (Values  oblained  by  interpolation  may  be  in  error  by  1  in  the  laat  ' 

To  obtain  tbe  cube  of  any  number  outside  the  range  from  1  lo  10,  wrii«  the  number  at  the  { 
ftf)  some  number  between  1  and  10,  and  (6)  some  (positive  or  negative)  power  of  10 ;  then  pr 
Jhe  following  eitampleB : 

C2T1.8)»   =(3.718x10^"   =  (2.718)' X  (102)'   =30.08  xW    =20080000; 
(0,2718)»=  (2.718  X  10->)»  =  (2-718)*  x  (in-')'  =  30.08  x  I0-»  =  O.OM08. 


In  short,  moving  the  Aeeimal 
'.he  body  of  Ike  table. 
The  table  used  Imvenelr  gir 


nin{  osB  plfte*  in  folvmn  n  >*  tq-Hivaltnt  to  tnotittg  it  ti 
the  cube  roota  of  all  numbers  between  1  and  IC.     For  eixunpL* 
■i/gTua  =  1.4646  ;         v'SOS  =  3.166  ;         i/SUl  =  B.TBfl 


vsHaowKi 


=  v'3,H2> 


v'o.DoooiKJaua  =  v^au.a  v  io-»  == 
The  boldface  figures  in  the  body  of  the  table  facilitate  tta  use 
n*       CUBES 


X  -v/nf   =1.4640x10  =14,(146; 
>tvTu»  =3.166x10'   =315.5: 
X  vTlF"  =  8.7m  X  I0-»  =  0.008 T«. 
tree  table. 
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38.03 
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u 

42  87 
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M 
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47:05- 
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48:63 
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.1 
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a 
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J 
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84.48 
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3     8     4 
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4     8      6 
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i-il 
i  i-i 

Sl     iLiI 

mi  iMi 
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«»«.«         496.8      408.7 

SI  3.9        515.8      517.8 

SS:1    IS;!   f  ;i 

Mil  irS 

1  i  i 
ipl  if 

ill  11  %L 

170.0        171.0        171.0 

100:3   »t;2   201:2 

200.8      210.8      211.7 

230.3  221.4      222.5  + 
231.5-  232.8      233.7 

243.0  244.1       246.3 

207:1      2BS:3      30B:e 
270.7       281.0       382.3 

32o:o   321:4   322:8 

36i:o    385:5+  307:1 

37D.5+  381.1       382.7 

305.4  307.1       398.7 

435.7  430.4      432.1 

isj  iflij 

530:4    641:3    543:3 

660.5-  601.5+563.8 

622.8  836.0+  627.3 
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ii  ii-is 

ill  S  s; 

063:8      056:?      06s:o 

082.1  986.1        988.0 

130.3      131.1      131.0 
138.3      130.0      13B.8 

103:7    154:0    18«:B- 
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T*he8e  four  pages  give  the  cube  roots  of  all  numbers  between  1  and  lO',  correct  to  four  si^ 

For    example:    v^T718  =  1.31)5  ;     v^27l8  =  3.007  ;     \^27T8  =  6.477.     (Values  obuined  1 
Di&y  be  in  error  by  1  in  the  last  figure.) 

17o  obtain  the  cube  root  of  any  number  outside  the  range  from  1  to  10^,  write  ttie  numbe 
of  :  (a)  some  number  between  1  and  10^,  and  (6)  some  (positive  or  negative)  power  of  10 
Ml  in  the  following  examples : 

v^27 18000         =  v^2.718  x  10«   =  V^7"i8  x  \/W   =  1.395  x  10-   =  139.5  ; 
\^27 180000000=  v^27.18  x  10«   =  \/27l8  x  v^^   =3.007  x  W   =3007  ; 
^0.0002718      =  v^271.8  x  10-6  =  ^2718  x  \/lO^«=  6.477  x  10--^  =  0.00477 

Jn  shorty  moving  the  decimal  point  thbee  places  in  column  n  is  equivalent  to  moving  it  < 
hodif  of  the  table. 
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.613 
.626 
.630 

.651 
.663 
.6^5  + 
.687 
.608 

.710 
.721 
.732 
.744 
.754 

.765  + 
.776 
.786 
.797 
907      I 

31 


1.003 
1.035  + 
1.066 
1.004 
1.121 

1.147 
1.172 
1.106 
1.210 
1.241 

1.262 
1.283 
1.303 
1.322 
1.341 

1.350 
1.377 
1.304 
1.411 
1.428 

1.444 
1.460 
1.475  + 
1.400 
1.505  + 

1.520 
1.5,34 
1.548 
1.562 
1.575  + 

1.580 

1.602 

1.615- 

1.627 

1.640 

1.652 
1.664 
1.676 
1.688 
1.700 

1.711 
1.722 
1.734 
1.745- 
1.755  + 

1.766 
1.777 
1.787 
1.798 
1.808 


1.007 
1.038 
1.060 
1.007 
1.124 

1.150- 

1.174 

1.108 

1.221 

1.243 

1.264 

1.285- 

1.305- 

1.324 

1.343 

1.301 
1.379 
1.396 
1.413 
1.429 

1.445  + 

1.461 

1.477 

1.492 

1.507 

1.521 
1.535  + 
1.549 
1.563 
1.577 

1.590 
1.603 
1.616 
1.C29 
1.641 

1.6.53 
1.666 
1.677 
1.689 
1.701 

1.712 

1.724 

1.7.35- 

1.746 

1.757 

1.767 

1.778 

\.7HH 
1.799 
1.800 


1.010 
1.042 
1.071 
1.100 
1.127 

1.152 
1.177 
1.200 
1.223 
1.245  + 

1.266 
1.287 
1.306 
1.326 
1.344 

1.363 
1.380 
1.39S 
1.414 
1.431 

1.447 
1.463 
1.478 
1.49.3 
1.508 

1.523 
1.537 
1 .551 
1.565- 
1.578 

1.591 
1.604 
1.617 
1.630 
1.642 

i.e.w- 

1.667 
1.679 
1.690 
1.702 

1.713 
1.725- 
1 .736 
1.747 
1.758 

1.768 
1.779 
L7S9 
l.HOO 
l.HW 


6 


1.013 

1.045- 

1.074 

1.102 

1.129 

1.155- 
1.179 
1.203 
1.225  + 
1.247 

1.268 
1.2S9 
1.308 
1.328 
1.346 

1.364 
1.382 
1.399 
1.416 
1.433 

1.449 

1.464 

1.480 

1.495- 

1.510 

1.524 
1.538 
1 .552 
1..'566 
1.579 

1.593 
1.606 
1.619 
1.631 
1.644 

1.656 
1.668 
1.6S0 
1.692 
1.703 

1.715- 

1.726 

1.737 

1.748 

1.759 

1.769 
1.780 
1.790 
1.801 
1.811 


1.016 
1.048 
1.077 
1.105  + 
1.132 

1.157 
1.182 
1.205  + 
1.228 
1.249 

1.270 
1.291 
1.310 
1.330 
1.348 

1.366 
1.384 
1.401 
1.418 
1.434 

1.450  + 

1.466 

1.481 

1.496 

1.511 

1.525  + 

1..540 

1.554 

1.567 

1.581 

1 .594 
1.607 
1.620 
1.632 
1.645- 

1.657 
1.669 
1.681 
1 .693 
1.704 

1.716 
1.727 
1 .738 
1.749 
1.760 

1.771 
1.781 
1.792 
1.802 
1.812 


1.020 
1.051 
1.080 
1.108 
1.134 

1.160 
1.184 
1.207 
1.230 
1.251 

1.272 
1.293 
1.312 
1.331 
1.350- 

1.368 
1.386 
1.403 
1.419 
1.436 

1.452 
1.467 
1.48:1 
1.498 
1.512 

1.527 

1.541 

1.555- 

l..">69 

1.582 

1.595  + 

1.608 

1.621 

1.6.34 

1.646 

1.658 
1.670 
1.682 
1.691 
1.705  + 


8 


717 

728 
7.39 

7r^  + 

761 


1.772 
1.782 
1.793 
1.80H 

i.8ia 


1.023 
1.054 
1.083 
1.111 
M37 

1.162 
1.186 
1.210 
1.232 
1.254 

1.274 

1.295- 

1.314 

1.333 

1.352 

1.370 
1.387 
1.40-1 
1.421 
1.437 

1.453 
1.469 
1.484 
1.499 
1.514 

1.528 
1.542 
1.556 
1  ..570 
1.583 

1 .597 

1.610 

1.622 

1.635- 

1.6-47 

1.659 
1.671 
1.683 
1.695  + 
1.707 

1.718 
1.729 
1.740 
1.751 
1.762 

1.773 
1.7S3 
\.7\U 

\.Hm 


1.026 
1.057 
1.086 
1.113 
1.140 

1.165- 

1.180 

1.212 

1.234 

1.256 

1.277 
1.297 
1.316 
1.335  + 
1.354 

1.372 
1.389 
1.406 
1.423 
1.439 

1.455- 
1.471 
1.486 
1.501 
1.515  + 

1.530 
1.544 
1.558 
1.571 
1.585- 

1.598 
1.611 
1.624 
1.636 
1.649 

1.661 
1 .673 
1 .685  - 
1 .696 
1.708 

1.719 
1.730 
1.741 
1 .752 
1.763 


9 

1.029 
1.060 
1.089 
1.116 
1.142 

1.167 
1.191 
1.214 
1.236 
1.258 

1.279 
1.299 
1.318 
1.337 
1.355  + 

1.373 
1.391 
1.40.S 
1.424 
1.441 

1.457 
1.472 
1.4S7 
1.502 
1.517 

1..531 
l..'>4.-)4- 
1 .559 
1.573 
1.586 


.599 

612 

62/ 

637 

650 


)  — 


1.662 
1.671 
1 .6S6 
1.607 
1 .700 

1 .720 
1.731 
1.742 
1.7:>.3 
1.76  J 


1.774        1.77.^) 
1.784       1.7s:. 

\.i^\b-V  \.H\v\ 


12    3 


0     I 

0 

0 


0 
0 


1 
I  I 
1  1 
1  I 
1    1 


0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 

0  0  1 


0  0 

0  0 

0  0 

0  0     0 

0  0     0 


0     0 
0     c) 


0 
0 

0  0  0 

0  0  0 

0  0  0 

0  0  0 

0  0  0 

0  0  0 

0  0  0 

0  0  0 

{)  0  0 

0  0  0 

0  0  0 

0  0  (I 

0  0  0 


I)      0 
0      0 


0  0  0 

0  0  0 

0  0  0 

0  0  0      1 

0  0  0      1 
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TABLE  LXXUl  —  ConliTiued 


1.870      1.871 


,  3.4S4 
3.A12 
3.533 


1.052      1.963 


2.07S+  2.078 

2.077 

2.113 

2.113 

2.114 

a.m 

a.135- 

3.i3e 

2.l3fl 

1.646-  a.flSO- 


2781 
3304 


3.262      3.3SB  +  3.3SS 


3.434 
3.4a2 


1.824 

.825+  1. 
.836+  1, 

,845-  1, 

.a5S-  1. 

ilsss 

^84       1. 

isia 

1,802 

l.Wtl 

.903       1. 

.810 

.020       I, 

.ezs 

.oao     1. 

:es6- 

:95o   1: 

.9tM 

iesi 

:88i   i: 

.efi7 

:oBs   1. 

.007      2.1 

2:oao 

:o3i   a:o 

.030      2,U 

a.04e 

2.0H 

:o55+  2:1 

.083      2.1 

2!070 

[070      2.1 

.088      3.1 

2!  101 

2.108 

a.iiB 

.118      2. 

2,123 

2.110 

3.13S 

,189      2. 

2.145  + 

2.204 

.310      2.2 

.377      a.: 

2:393    2.3B9    a. 

2.4M- 2.455+ 2.4 

2:658 

.011      2,' 

2:701 

:705+  a:? 

.748 

.750+  2,7 

.794      2. 

:831 

,872     a,S7o     a.a 

.018      2, 

,051 

,080 

.020      a,' 

:oe2 

.007 

31 

.136-  3. 

.I(W      3. 

.301      3.: 

s 

S-I:l 

3.303 

,308      3.: 

3:afi3      3,35a      S.3 

.385+  3.3 

1    \3.&«      »JJfl 
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TABLE   LXXUI—ConHnved 


S.M8 

«037 


a..isn     a.sKd     s.aii 


3.047      S.fHO 


3.713 

-  3,737 

S.761 


3.001 

3.7  le 

3.7«0 
3'.787 
3.810 


3.3S1       3JI53 


<-  3.asr  3.eoo 

3.9  Ifi  3.921 

3.641  3.M3 

3.062  3.l»4 


3.S3a- 
3.003 


3.721  3.733 
3.7M  3,747 
3.708      3.770 


3.837      3.330 


f  3,947  3.049 
3.908  a,B71 
3.990      3.992 


4,4SO-  4.451       4.453 


5.070      a.  002      5.104 


E.B7Z 
«-  0.004 
-  8.153 


4.353      4,355  + 


5,117      S.I30      5,143 
S.24I       5.254      S.SflO 


S.SS3 

5!789 
5.mi7 


S.flOl       B.fXMJ 


IS 

:bo4     aj 

:054      3.1 

3^077 

.079      3,0 

l^s+s:^  I: 

3.  73 

:77s  +  3; 

3.  90 

lis 

,8Sl       3.8 
.844      3.S 

a.K» 

:91l     3:b 

3.930 

3:973 

.'975-  i':. 

3.094 

iSt 

.037      4.1 

4!0M 

4.1164- 

:ii7  4:1 

4:174 

'-.lit-  i 

4:113 

4.230 

.233      4,2 

.351     4.; 

t.a»i+ 

4.303 

:3os+  4:3 

4:339 

:34i   4:1 

4.3B7 

,350      4.3 

4.374 

.370      4.; 

4.409 

,411       4.. 

4.420 

4:470 

:478   4:4 

4:109 

4.5Z8 

:537  4: 

4.512 

.544      4. 

4,574 

,678      4,5 

4.S90 

.892      4. 

:o23   4:1 

4:037 

,638      4.0 

:oo5-  4J 

5:027 

,040       B.0 

B,1M  + 

.IBS      B, 

5.395- 

,408      6,4 

B,50T 

.618      S.. 

s:819 

:sa8   b:: 

.025-   B.' 

0:100 

0.188 

.107      0,! 

.383      0.3 

6.358 

D.aoa    0.3 

8-439 

8.447      0. 

B.fi27      0. 

0.640      0.067       8.004    \  f,A■^^      f>.SI' 


i^ 


■IP 

■ 

w 

'table  Lixra 

1 

-CMtMWorf 

^■H 

:     9     11 

1  1 
I  1 

!    ! 

t        a 

3 
I     3 

1  f 
1     1 

1        a 

1 

1 

III  11  13 

\ 

4             6            S 

1          s          s 

1IS4    3«':B*I 

o.no 

S3I 

7M» 

7.113 
7'3a2 

.ItM 

S* 

:730 

ioio 

.WO 

7.053 

S>U7 
8.108 

is 

8.401 

+  Bi! 

8!S07 
-t    8.840 

8.402 
8.B34 

fiioio 

0.008 

iffi 

0,106- 
9.333 

.a 
if} 

H.504 

B.mo 

0.077 

0  72i       0.711        fi,7»B 
CTV7       OMM       0J)11 

AHoa     eji7i+  ujma 
ran     rmt     7Jao 

JOB          .275-  7J»I 
JBI         .337      7.343 

7M3      7.3W      7.406- 

7^13       7.618      7!S24 
7.571       7J77      7.683 

7.030    7.asa-  7.040 

7:741      7:747      7:753 
7.707      7.S02      7«19 

7:005+7.010      7.010 

7.B58      7.003       7.000 

:i  li  11 

SS  S?  IS 

8.311       8,310      8,320 
8.350      8.303      8.308 
8.400      8.411      8.410 

8.545+8:660-  8:554 
8.601       8..'SBS+  8.B00 

8.080       8,085-8.080 
8,724        8.720       a.713 

1:864       8:868'*' 8:802 

8:D38     8:04I     8:04a 

8.B70      8.084      8.088 

b:ooi     »:ooa+e:ooo 

0.  03      0.  06      0.110 

0.  12     a.  40     0.150- 

IJi  a- IS 

0:375+0:370   o:»83~ 

0.413      11.417      0,420 

0.488      0,401       0.406- 
0.S14      U,52«      0.532 

0:033      0:037       0:04 1 

o:?40      0,743      0:  47 
0.775-  0.778      0,  83 

B.841      0.818      0.851 
B.870      B.882      0.SH6  + 
0.013      B.010      0.910 
O.WO      O.MO      0.053 
B.BM)      0.983      0.087 

tM»    tS»    tm 

tsm        JB*      7JM1 

7.l«      7:100      7171 
7.334      ',33a      13B 

7.4II        7.41T       7.423 
7.471       7.477       7.4ffl 
7.630      7.33a      7.543 

IS  5s  ;s 

iS  KS  Is 

Tm6      7.873      7.B78 
7.921       7.030      7.033 

8:02a      6.031       8:03a 
8.077      8.083      8.068 
H.I28      S.I33      8.I3S 

8.238      B.333      8.338 
8.277      8.282      8JS0 
8.326+  8,330      B.336- 

ftJlO      1:436-  8.M0 

8.513      aisia      8.533 
8.660      8.604      B.MB 
8.601      8.000      8.013 
8.019      S,053      8.058 

8.093      8.098      B.702 

8:950+  8:b55~  8:o5o 

8.001      8.096      0.000 

0.  14      0.1IS      0.112 
0.  54      0.158      B.I02 

n:  33     0:237     0:240 

9.173      0.275+  0.370 

0:348    g:3S2     0:350 

0.380      0.390      0.304 

0:402  o:4os+  0:400 

0.400      0.503      0.606 
9.635+  9.539      B.M3 

0:044     0,048     a:o6l 

0,080      0.083      B.AS7 
0:750+  0:754      0.758 

SS*!S  S 

0.855-  0.858      0.S61 

S  Is  si 

a:«oo    0:003     0:907 

\ 

i  j| 

1    1    I 

0   1    t 
0   1    I 
0   1    I 
0    1    1 
0    1    1 

0    1    1 

8  !  j 

0     1     1 

\ 

li  i 

iii 

:!: 

Iii 

;;; 

11  i 
li 

!l  1 

3     3     1 

1  1  1 

2  3     3 

1  1  \ 

3  2     2 

2  2      3 

1  1  1 

3  3     3 

2  3     3 
1     3     3 

I  %  1 

1     2     2 
1      2     2 

1     3     3 

1  if 

*  1 
•  * 

4    11 

i  1  i 

3     * 
3     4    * 

3     3 

li 

3 
3    a    4 

ill 

i  i  i 

3     3* 
3     11 

3     13 

3 
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1    a    r 

i 
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TABLE  LXXIV 

pages  give  the  three-halves  powers  of  all  numbers  betweej 

example:  (2.718) i  =  4.482;  (27.18)4  =  141.7.  (Values 
the  last  figure.) 
:bree-halves  power  of  any  number  outside  the  range  from  1 1 
>  uumber  between  1  and  10^,  and  (6)  some  (positive  or  neg 
ing  examples  : 

(27180.)!  =  (2.718x10*)!   =  (2.718)!  x  (10*)i   =4. 
(0.2718)1  =  (27.18  X  10-«)!  =  (27.18)!  x  (10-2)!  =  1^ 

loving  t?ie  decimal  point  two  places  in  column  n  is  equivi 
ihle, 

BE-HALVES  POWERS 


1.154 
3.043 
5.458 
8.303 

11.52 
16.07 
18.92 
23.05  + 
27.45  + 

32.10 
36.98 
42.09 
47.41 
.52.05 

58.68 
64.60 
70.71 
77.00 
83.47 

90.11 
96.92 


103.9 
111.0 
118.3 

125.8 
133.3 
141.1 
149.0 
157.0 

165.1 
173.4 
181.9 
190.4 
109.1 

208.0 
216.9 
226.0 
235.2 
244.5 

253.9 
263.5 
273.2 
283.0 
292.9 

302.9 
313.0 
323.2 
383.6 
344.1 


1.315 
3.263 
5.724 
8.607 

11.86 
15.44 
19.32 
23.48 
27.90 

32.58 
37.48 
42.61 
47.96 
53.51 

59.26 
65.20 
71.33 
77.64 
84.13 

90.79 
97.61 


1.482 
3.488 
5.995- 
8.917 

12.20 
15.81 
19.72 
23.91 
28.36 

33.0(} 
37.99 
43.14 
48.50  + 
54.08 

59.85  - 

65.81 

71.96 

78.28 

84.79 

91.46 
08.30 


1.657 
3.718 
6.260 
9.230 

12.55 
16.19 
20.13 
24.35 

28.82 

.33.54 

:r>.49 


104.6 
111.7 
119.0 

126.5  + 

134.1 

141.9 

149.8 

157.8 

166.0 
174.3 
182.7 
191.3 
200.0 

208.8 
217.8 
226.9 
236.1 
245.4 

254.9 

264.5- 

274.1 

283.9 

293.9 

303.9 
314.0 
324.3 
334.6 
345.1 


105.3     I 

112.5- 

119.8 

127.3 
134.9 
142.6 
150.5  + 
158.6 

166.8 
175.1 
183.6 
192.2 
200.9 

209.7 
218.7 
227.8 
237.0 
246.4 

255.8 
265.4 
275.1 
284.9 
294.9 

304.9 
315.0  + 
325.3 
335.7 
346.2 


1.837 
3.953 
6.548 
9.546 

12.90 
16.57 
20.54 
24.78 
29.28 


.34.02 
39.00 
43.66  44.19 
49.05+  49.60 
.'V4.64       .55.21 


60.43 
6^.41 
72.58 

7  ^'.03 

8  5.15 

92.14 
99.00 


61.02 
67.02 
73.21 
79.57 
86.11 

92.82 
99.69 


106.0  106.7 
113JJ  113.9 
120.5+  121.3 


128.0 
135.6 
143.4 
151.3 
159.4 

167.6 
176.0 
184.4 
193.0 
201.8 

210.6 
219.6 
228.7 
2.38.0 
247.3 

256.8 
266.4 
276.1 
285.9 
295.9 

305.9 
316.1 
326.3 
336.7 
347.2 


128.8 
136.4 
144.2 
152.1 
160.2 

168.4 
176.8 
185.3 
193.9 
202.6 

211.5  + 
220.5  + 
229.6 
238.9 
248.3 

257.7 
267.3 
277.1 
286.9 
296.9 

306.9 
317.1 
327.4 
337.8 
348.3 


2.024 
4.192 
6.831 
9.866 

13.25  + 
16.96 
20.95  + 
25.22 
29.74 

34.51 
39.51 
44.73 
50.15  + 
55.79 

61.62 
67.63 
73.84 
80.22 
86.77 

93.50- 
100.39 

100.4 
107.4 
114.6 
122.0 

129.5  + 
137.2 
145.0- 
152.9 
161.0 

169.3 
177.6 
186.1 
194.8 
203.5  + 

212.4 
221.4 
230.6 
239.8 
249.2 

258.7 
268.3 
278.0 
287.9 
297.9 

307.9 
318.1 
328.4 
338.8 
349.3 


8 


Monno  ihs  decimal 
n!     THREE-p/'/'e 

l".8 
l".4 


2.217 

4.437 

7.117 

10.190 

10.19 

13.61 

17.34 

21.37 

25.66 

30.21 
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formulas  for  discharge,  166, 179-185 
Freeman's  experiments,  168-170 

OH  gauge,  differential,  33 
Orifices,  bell-mouthed,  155 


Orifices,  coefficients,  144-149 
conical  tubes,  156 
contraction  and  discharge,  131 
defined :  uses  of,  96,  12:M64 
dropping  head,  discharge  under,  141 
eflFect  of  suppressing  contraction,  137 
formulas,  125-127,  132-134 
horizontal,  135 
in  thick  wall,  131 
measuring  water  flow  by,  132 
miner's  inch,  3,  143 
mouthpieces,  151 
short  tubes,  151, 152 
standard,  defined,  130 
submerged,  139, 149 
theory  of,  125 

used  by  Darcy  and  Bazin,  138 
velocity  of  approach,  125 
vertical,  123-125, 132, 144-148 

Pascal's  law,  11 

"  Pelton  "  wheels,  408,  426 

Penstock,  396,  396,  407 

Perimeter,  wetted,  87,  273,  457 

Physical  properties  of  water,  5, 11 

Piezometer,  water,  mercury,  31,  101,  107, 

couplings,  170, 172 
Mills's  experiments,  104 
ring,  119 
Pipes,  bell-mouthed,  162, 163 
capacities  of,  285 
brass,  287,  318,  334 
cast-iron,  286,  287,  320^326 
coefficient,  pitometer,  111 
coefficients,  92,  318-334 
collapsing  pressure,  27-30 
compound,  312 
computations,  307 
discharging  capacity,  relative.  285 
friction  factors,  286,  287,  330-334 
friction  head,  283.  285,  318-329,  331,  334 
hoop  tension,  20-26 
lap  welded,  319,  320 
lead.  287,  334 

lines,  various  diameters,  309 
loss  of  head  due  to 
bends,  299-305 
contraction.  296-299 
curves,  299-305 
elbows  299-^305 
enlargement,  294-296,  299 
entrance.  293,  2J)4 
friction,  283-285,  291-293,  313 
valves  or  gates.  305,  300 
riveted  steel  or  sheet-iron,  286,  287. 325- 

329 
short,  155 

sizes,  standard,  cast-iron,  24 
thickness  of  steel,  20,  22,  24,  25 
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I'ipi-,.  w,,oU  Tnrnished.  ao 

How  llirough.  W                    ^^^H 

St-WL-rg,  brli'k,  experiments  aa,  3S|^^^^^H 

Pilomeler.  108.  lOy.  112 

Short  pipes,  LtS                              ^^^^H 

guutfine  ()lpa  fldw  by.  lOS 

Sli.pB  of  hydraulic  grade  tine.  88.  SI* 

Pilot  iLibo,  OB,  vn-m. 

Sluices  lu  open  cbaoDel.  139.  ICO 

PlnUts 

(I)      Buyiieu  turbine.  4% 

(II)    Wnsenli«lirlioi-U"[>olton'').  420 

Swsiu  laibioe 

eqailibiium  of,  D3-77 

48-ineli  lurblne 

OTertnmlng,  (17 

(III)  5t-iucli  nuidHni  turbiuv.  426 

transporUtion  of,  by  wal«r,  3es.  30 

(IV)   ;B.in«li  modem  turbine.  4211 

(V)     XKIuehmuilr:!.  t<>rb]iie.4») 

Sphere,  2r.,  74 

(VI)  48.iui!h  turbiii..  Jis.Jiarge  dUgram, 

Square  orlflcea,  140 

Square  roots  of  imniberv,  471 

Powers,    tliree    btivea  of    uumben,  485, 

Squares  of  numbers.  4tiU.  4t» 

SUndard  orifice,  IW 

PnsM.  Lvlraulic,  ,10 

Steady  flow,  BB 

Pn^urc,  jitii>'>9phL'rlc.  •> 

Steel  pipes,  see  pipes 

.■eiiternl.  37-10 

collapsing,  ai 

Submerged  orifices,  IW,  149 

flow  iitirlBr,  see  pipes 

weira,  SLT-SiiO 

plaup  surlaces,  IIS 

Suppression   of   t.i)ntrtM;tion,  IJ7-139,  IST. 

varrlng  intensity.  Si-m 

1% 

gauges,  31-33,  11)7,  120,  ITl 

Surface  curve,  102-106 

Ijorizontal,  18-3) 

on  floating  sol  Ids,  t>3 

Tables:  — 

Intensity  of,  11,  13-IB 

liix.   Areas  of  circles  by  elgbths.  IM 

on  curved  mrtacea.  SJ 

Ixvii.   Areas  of  circles  by  UamlnKllte. 

on  irregular  areai,  40 

total  normal,  14 

rU.  Areas,    moments    of     inertia. 

nni[ormBald.IS-30 

radii  of  gyration.  39 

oolta  of.  6 

Channels,  open 

vertical  downward,  '3I> 

on  floMtlng  solid*.  M 

and  R.  457 

III.       coefficients.  Baiin.  .173 

efllcietiuy  of.  444 

Ivili.       roetBiionts,  Kntter.  U6U-3T1 

(ocninlaa  (or.  44a 

3B0 

Radius  of  gyration.  :i7-41 

table  of.  aw 

364 

mean  hydraulic,  St.  3T3,  407 

It.      river  flow  calouiaUou,  361 

RatluK  Pitot  tub™.  105.  106 

Burrent  meters, iW-ad3 

buat  experimenla.  »2 

stations.  sireBms.  XA 

Beaction,  uoeffi.-leut.  420 

eighths.  4<B 

turbines,  415-Hl 

rampuiatloDs  tor.  4SU 

bundredths,  JM 

111.  Conversion    table,    heads.    *«- 

43!,  4.12 

locily.  di«cli«rg«.  447 

teeling.  428-440 

liiciil.  Cube  roots  of  nambe™.  481 

a«  «nl«r  meters,  4.10-440 

luii-  Cubes  of  numbers.  474 

head,  447 

King  Mytxlea.  VO-m.  173. 176.  1T1>-185 

V.  g.  runcUuns  of.  a 

Ri*ttr  flow,  xn-aei 

1x1.  Head,  coiiver^ou  facU.m.  *4T 

BoUtttoD,  klnctie  energy  of.  79 

Hose:- 

BuoMr.  water  motor*,  SDH,  Plates  I  to  V 

x.ix.      dtsuharge,  m.  1» 

1        t 

_^ 
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Hose:  — 
xxyH.       friction  head,  177 
xxviii.      carve  loss  in,  178 
Ixxviii.  Logarithms,  4i)4 

ii.  Measure  and  volume ;  factors,  4 
i.  Metric  units ;  factors,  2,  3 
vii.  Moments  of  inertia,  39 
Ixxvii.  Minutes  and  seconds  into  deci- 
mals, 493 
Nozzles :  — 
xzix.       discharge,  184, 185 
xxvi.       ring,  coefficients,  176 
XXV.       smooth,  coefficients,  175 

Orifices :  — 
xxiv.       bell-mouth  pipes,  discharge, 
163 
XV,  xvi.      circular,  coefficients,  144,  145 
xxii.      converging      tubes,      coeffi- 
cients, 157 
xi,  xii.      low  heads,  correction  factors, 

133,  135 
xviii,xix,xx.  rectangular,    coefficients, 
147,  148 
xxiii.      sluices,     submerged,    coeffi- 
cients, 161 
jcvii.      square,  coefficients,  146 
xxi.       submerged,  coefficients,  149 
xiii,  xiv.      suppression   of   contraction, 

factors,  138,  139 
X.      velocity  of  approach,  factors, 
127 
Pipes  :  — 
zlix,  liii.  brass,  coefficients,  318,  334 
friction  head,  318,  334 
vi.       cast-iron,  standard  sizes,  24 
xlix  to  lii.      coefficients,  320-325, 330-333 
xlix,  1, 11.       friction  head,  320-325,  330, 
331 
xli.      contraction  loss,  factors,  298 
xliii  to  xlvii.  curve  loss,  factors,  300-305 
xxviii.  in  hose,  178 

xlii.  '    diaphram  loss,  factors,  298 
elbows,  see  curves 
xl.      enlargement  loss,  factors,  295 
xlviii.      gates,  valves,  losses  in,  306 
xxvii.      hose,  friction  head,  177 
xlix.      lap  welded,  coefficients,  31^ 
320 
friction  head,  319,320 
liii.      lead,  coefficients,  334 
friction  head,  334 
xlix.       riveted,  coefficients,  325-329 
friction  head,  32f^-329 
wooden  stave,  coefficients,  329 
friction  head,  329 
vlii.  Pitometer,  traverse  division  of 
circles,  for,  110 
iv,  Ixi.  Pressure,  conversion  factors,  6, 
447 
Ixv.  Radius,  mean  hydraulic,  457 


vii.   Radius,  of  gyration,  39 
bcxv.  Reciprocals,  of  numbers,  -188 
xxxix.  Rod  floats,  correction  factors, 
250 
Ixxi.   Square  roots  of  numbers,  471 
Ixx.   Squares  of  numbers,  4<kj 
Ixxiv.  Three-halves  powers  of  num- 
bers, 485 
Ixxvi.  Trigonometric  functions,  4in2 
Ix.  Turbine  test,  report  of,  430 
Ixi,  hrii.  Velocity  heads,  447,  451 

ix.  Venturi  meter,  coefficients,  118 

loss  of  head  in,  118 
iii.  Water,  weight  of,  5 
Weirs,  sharp  crested  :  — 
xxxiii,  xxxiv.  coefficients,  Baziu, 2 19, 221 
xxxii.  Fteley  &  Stearns,  211 

XXX.  Francis,  206 

bdli.  H.  Smith,  Jr.,  453 

XXXV.  U.  8.  D.  W.,  223 

Ldv.      discharge,  454 

XXX.       experiments,  Francis.  20(5 
xxxi.  Fteley  &  Steams,  209 

xxxviii.  Weirs  of  irregular  section,  dis- 
charge (Appendix,  end) 
xxxvi.  Weirs,  submerged,  coefficients, 

Fteley  &  Stearns,  228 
xxxvii.       coefficients,  Herschel,  229 
Ixv.  Wetted  perimeter,  457 
Tension,  hoop,  20 

Testing  flume,  Holyoke;  test  and  compu- 
tations, 429-440 
Tests,  turbine,  reports,  430,  445 
Theorems,  Bernoulli's,  82 

Torricelli's,  81 
Three-halves  powers,  of  numbers,  485,  487 
Torricelli's  theorem,  81 
Tnnslation,  kinetic  energy  of,  79 
Transportation  of  solids  by  water,  l^il-^^ 
Trigonometric  functions,  492 
Tubes,  collapsing  pressure  of,  27,  28 
compound,  159 
conical,  156-159 
converging,  156,  157 
diverging,  158 
draft,  416-419 
long,  or  short  pipes,  155 
Pitot,  95,  100 
short,  152-155 
Turbines,  as  water  meters,  439 
Boy  den  reaction,  (Plate  I)  426 
commercial  efficiency  of,  428 
computations  for,  413-425 
draft  tube,  41^419 
effective  head  on,  419 
entrance  velocity,  375,  400,  401,  403,  420 
exit  velocity,  375,  400,  401,  403,  42<> 
54-inch  modem,  (Plate  III)  426 
general  formula.s  for,  404 
impulse,  412-415 
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Turbines,  modem  mixed  Aov.  (Plates  ITI. 

Water,  flowing,  dynamic  »cttOBo(,*rt 

IV.  aud  V)  426 

eoonotnioal  xii^  of  chnnuel.  m.ao 

preBsuTH  heads,  419 

Hut  plate  or  vane,  383 

reacliou,  306, 113-140 

force  Biorted  on  a  body.  ST7 

coelBcienl.  420 

111  prixluce  occelontilon.  3TS 

tormg  of  uLannel  crosa-eectionB.  WO 

illostrations  of,  (Plate*  1  to  V)  436 

lonnulas  for  pipes  uuiler  preuare,  9H 

worfc  ot.  414 

tr8edi9eliargeot,84 

setting  of,  416 

bead  lost  in,  OT                                 ^ 

jnmmary  ot  energy  Iosmb.  4^1.  423 

Implnglug  on  vanea,  383            ^H 

test  ot  l^iuch,  report.  443 

Irregular  motion  o(.  89             ^H 

test  ot  48-lni-li.  report.  430.  431 

mean  velocity  o[,  SB                    ^H 

testing  ot.  4-JH.  4»4.  iW 
aWnch  modem.  (Plate  V|  426 

by  current  meters,  US.  3»-^^H 

Tarlatiou  ol  elBciency.  4:<l> 

fl.>ats.  OT.  237-253                  ^H 

grade  line.  90                           ^M 

Valfonn  Bov.  86 

house  meters.  99                   ^H 

Units,  American,  to  metric,  3 

nuzzles,  DT.  1(>5-185                 ^H 

common,  con  version  o(,  4 

oriacea,  96,  123-164                ^M 

Pitut  tubes,  9e,  100-114            ^H 

ot  measare.  2^ 

slopes.  98                                     ^B 

ot  prensare.  6 

Veaturi  meters.  OS,  llS-131  ^M 

ot  yolume,  3-4 

volume,  iH,  170,  204,  20S         ^H 

primary.  3 

weight,  an                               H 

apeclal.3 

weirs,  97, 18T-236                      ^M 

wheels.  98.  4».  438-440          ^| 

pipes  under  pressure.  28d-SIT 

relation  ot  area  u.  velocity  in,  STO 

tlirottlo,  eiperiraeuts,  ItlXi 

VaneB.  BUktinnary,  moving.  :iH.'(-;ir<A 

steady  flow,  86 

Vapors,  10 

Velocity,  absolute,  relative,  374.  STS 

througb  sand,  93 

coeOlpient  ot.  VS) 

transportation  ot  solids  by.  361.  363 

critical,  90 

uniform  flow.  86.  .T.T8 

curve*  iu  chnnnelB.  113,  HBO,  333 

unsteady  variable  flow,  361 

variable  flow ,  86                         ^^M 

89, 113.  lOl.  »T,  266,  290,  352 

In  open  channels.  365          J^M 

falllDfi  bodies,  78 

in  pipes  under  pressure.  2)lt^^H 

heads,  due  to,  44T.  491 

volume  of,  85                               ^H 

Vena  conlraola,  138 

work  done  by.  379                   ^H 

Ventnri  metera,  applloatioa,  121 

Water  hammer,  defined,  ^■>__.^^H 

how  constructed,  119 

iu  pipes.  Church  tormula.  99t^^H 

nse  ot.  9fi,  115-122 

Gibsim  formula,  392               ^H 

Volume,  unita  ot.  2^ 

tbickneBs  ot  pipe.  3113             ^H 

Volumetric   measnremeols,  9*.  ITO,  304, 

208 

intensity  of  pressure.  12 

meters,  turbines  as.  439 

flow,  84-90 

surface. 11 

weigh!  ot,  3 

variation  in.  3 

cridcal  velocity  of,  flO 

Waterwheels.  a  series  of  vanes.  388 

croB8-«ecllonal  area,H5 

absolute  entrance  velocitj.  W^^^ 

as  meters.  98.  439                       ^M 

in  channels,  272-S73 

In  tests,  43t,  43K                      ^H 

basis  ot  practice  3W               ^H 

In  open  channels.  M.  ^-74,  338-373 

genera]  foriiinlas  for,  404         ^^^| 

lost  head,  278 

Impulse,  xn.  406-413                  ^H 

Tolnme  of.  83,  272 

impulse  turbines,  397,  418     -   ^H 
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aterwheels,  relative  exit  velocity,  403 
tangential  or  American,  397, 406, 409 
testing,  428 
types  of,  396 
use  of,  as  meters,  439 
variation  in  efficiency,  436 
Weirs,  Bazin,  coefficients,  219,  221 

experiments,  215-222,  Appendix 

formula,  216,  218;  222 
construction  and  setting  of,  196 
contracted,  187 
defined :  uses  of,  97, 187 
end  contractions,  196, 211 
formulas,  201-225 

choice  of,  223 
Francis  experiments,  202-208,  227 

formulas,  205 
Fteley-Steams  experiments,  206-214,  227 

formulas,  210,  212,  228 
gauge  lor  head  measurement,  196 


Weirs,  head  varying,  discharge,  230-233 

nomenclature  of,  188 

of    irregular  section,   233,   and   Table 
XXXVIU  (end  of  Appendix) 

Smith,  H.,  coefficients,  453 
investigations,  214 

still  box,  location  of,  200 

submerged,  227-230 

suppressed,  187 

theory  of  measurement,  189-198 

trapezoidal,  225 

triangular,  224 

U.S.    D.    W.    experiments,    222,   Table 
XXXVIII 

unlevel  crest,  226 
Wetted  perimeter,  87,  273,  457 
Wood  pipes,  302,  329 
Work,  applied  to  falling  water,  81 

equivalent  expressions  for,  380 

principle  of,  80 


LSKAK  rcn  coKTuma  thb  Flow  or  Watsr  ti 


r   THI  CSRZV,  A 


E  KUTTEBi  FOBUnLAH. 


QiTen  the  area  gl  the  crosii  soFtlou  of  a  stream  (A)—  13.5  square 
an  hydnialic  radlm  (II)=iA  (eet;  the  Blo|ie  (S)  =.0010;  nud 
id  the  TeWIty  O'}.  tlie  dlacharga  (§),  and  the  valno  ut  C. 

The  vertical  tbruugh  A -1.1  cuts  tlia  carve  for  S=  ,fX)l  aiid 
),  the  prudnct  line  through  D  \a  cat  at  £  by  a  horlwmal  trom 
he  abscUaaoI  £lsll.T,  Ibe  velocity  (V),  in  feet  per  ssMiBd. 

Continae  the  pecpeDdlculsr  ihrongb  £  to  Its  Interaectioa  at  F 
ntal  tbniDgh  42.B  {A).  The  product  Hue  tbrougb  this  potul  readH 
argo  ( Q)  In  miblc  feet  per  second. 

Truce  a  horizontal  through  Zl  to  /,  ils  inlerBoction  with  a  vurlloal 
(Al  •=  •i.tXtl),  a  product  Hue  IJ  ttatougb  tblB  polut  rouds  C  '^  liS. 


"V 


tSa.      Loo    DUORAB    FOB    COBPUTINO    THK    FLuW    OY    WATER    IX    OPKK 
CHA^NELH    IIV    BaIIn's    \ew    FORJIUI,*. 

timple.    Given  the  area  o[  the  cross  sBctiou  of  a  stream  (J)  =42.5Kiiuare 

S9.    Fiud  the  Telocity  <F),  the  discbarge  (0),  and  the  yala«  of  C. 
Jful  V.    The  vertical  llirougb  B  - 1.4  cntg  the  purre  for  r  =  ,29  at  D. 
oduct  line  through  D  )b  cut  at  £  by  a  horizontal  from  S  =  .0010.    Tha 

1 

i,,dQ.    C. 
.  borizonta 
>e  di»cbai^ 
Jln-IC.   T 
Cb  a.097  (i 

1  throQgh  M.fl  (A).    The  product  line  through  thin  point  reads 
e  ( Q)  in  cubic  («et  per  second. 

n  -  3.097)  *  product  line  IJ  through  this  point  reads  C  =  IW. 
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I  A  Treatise  on  Hydraulics 

By  WILLIAM  CAWTHORNE  UNWIN,  LL.D.,   F.R.ST" 

Cloth,  Sto.  32  J  pages,  $4-2;  net 
Professor  Un win  has  brought  together  here  information  a 


■nine 
accumulation  of  experimenial  data  relative  to  hydraulic  problems  whi 


will  be  of  immense  service  to  engineers  in  deciding  questions. 
has  avoided  one  of  the  ^reat  difficulties  which  has  arisen  heretofore  in 
treating  hydraulics  by  giving  so  sufficient  an  account  of  experimental 
investigations  as  to  enable  the  student  to  realize  the  limitations  of 
formulx  and  the  degree  of  conlidcnce  which  can  be  placed  in  calcula- 
tions. Strong  features  of  the  book  are  the  fiill  references  to  the  pri- 
mary sources  of  information,  the  treatment  of  the  problems  dealing 
with  compressible  fluid,  and  the  selection  of  numerical  problems. 

I  The  Mechanics  of  Pumping  Machinery 

A  Text-book  for  Technical  Schools  and  a  Guide  for  Practical 
Engineers.  By  Dn.  JULIUS  WEISBACH  and  Pnomsoii 
GUSTAV    HERRMANN 

Cloth,  Sto,  joo  pages,  $4.00  net 
The  standard  di.scuasion  of  water-raising  machinery,  with  references 
to  special  reading  on  mining  pumps  and  city  waterworks. 

The  Practical  Telephone  Handbook  and 
Guide  to  the  Telephonic  Ejtchange 

By  JOSEPH  POOLE.  A.M.I. E.E.  London.  Fourth  edi- 
tion,  revised  and   enlarged 

Cloth,  l2mo,  606  pages,  $i.7S  f"* 
After  the  introductory  chapter  the  book  tieals  of  specific  subjects  such 
as:  Batteries,  History,  Receivers  in  General  Use,  Transmitters  in 
Practical  Use,  Sub-station  Apparatus,  Sub-station  Instrument  Connec- 
tions, Intermediate  Switches  and  Extension  Instruments,  Intercom- 
munication Telephones,  Switch-board  Apparatus,  Relay  and  Lamp 
Signalling,  Small  Switch-boards,  Larger  Sub-exchange  and  Private 
Blanch -exchange  Switch-boards,  Multiple  Switch -boards.  Magneto 
Series,  Magneto  Branching,  Principles  of  Common  Battery  or  Central- 
cneigy  Working,  Common  Battery  Multiple  Switch-boards,  Junction- 
Ime  Working,  Trunk-line  Exchanges,  Party-line  Working,  Apparatus- 
room,  The  Power  Plant,  Traffic  Statistics.  Aerial  Line  Construction, 
Underground  Work,  Long-distance  Lines,  Pupin  System  of  Line 
Loading,  Submarine  Telephone  Cables,  Faults  and  their  Localization, 
Electrical  Measurements,  The  British  Insulated  Co.'s  Telephone  Sys- 
tem and  later  Post  Office  Exchange  Practice,  Special  Exchange  Sys- 
tems, Automatic  Exchanges,  Development  Studies  or  Fundamental 
Plans,  Wireless  Telephony,  and  Miscellaneous  Applications. 
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Testing  of  Electro  Magnetic  Machinery  ; 
Other  Apparatus 

Bv  BERNARD   \'ICTOR  SWENSON,  E.E.,  M.E., 


BUDD  FRANKENFIELD.   E.E., 

of  the  NeniEl  Lamp  Companf 


VoL  I  — Direct  Currents 
Vol.  n  —  Altematrng  Currents 


Cloth,  Sva,  420  pagf3,  Sj-oo  nel 
Cloth,  Svo,  JJ4  pagfi.   $£.60  net 


It  is  a  book  which  can  be  thoroughly  recommended  to  all  stu- 
dents of  electrical  engineering  who  are  interested,  in  the  design, 
manufacture,  or  use  of  dynamos  and  motors.  ...  A  distinct  and 
valuable  feature  of  the  book  is  the  list  of  references  at  the  begin- 
ning of  each  test  to  the  principal  text-books  and  papers  dealing 
with  the  subject  of  the  test.  The  book  is  well  illustrated,  and 
there  is  a  useful  chapter  at  the  end  on  commercial  shop  tests.  — 
JVafurr. 

The  plan  of  arrangements  of  the  experiments  b  methodical  and 
concise,  and  it  is  followed  in  substantially  the  same  form  through- 
out the  ninety-six  exercises.  The  student  is  first  told  briefly  the 
object  of  the  experiment,  the  theory  upon  which  it  is  based,  and 
the  method  to  be  followed  in  obtaining  the  desired  data.  Dia- 
grams  of  connections  are  given  when  necessary  and  usually  a  num- 
ber of  references  to  permanent  and  periodical  lilerature  suggest 
lines  of  profitable  side  reading  and  aid  the  experimenter  in  form- 
ing the  desirable  habit  of  consulting  standard  text  outside  the 
scope  of  the  laboratory  manual.  Before  perfonning  the  experi- 
ment the  student  also  studies  from  the  book  the  results  previously 
obtained  from  standard  apparatus  by  more  experienced  observers 
so  that  he  may  correctly  estimate  the  value  of  his  own  measure- 
ments. In  brief  form  are  listed  the  dala  to  be  collected  from  the 
experiment  and  the  reader  is  cautioned  against  improper  use  of 
the  apparatus  under  test.  A  very  valuable  part  of  this  feature  of 
the  instructions  consists  of  remarks  upon  empirical  design-con- 
stants, many  of  which  the  student  may  observe  or  measure  for 
himself.  Certain  deductions,  also,  are  called  for  with  the  evident 
purpose  of  showing  the  further  practical  application  of  the  results 
obtained.  —  Engineering  Nru-s. 
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Applied  Electrochemistry 

By  M.  DE  KAY  THOMPSON,   Ph.D.,  Assistant  Professor  of  Electro^ 
chemistry  in  the  Massachusetts  Institute  of  Technology 


Cloth f  8vo,  32 g  pages y  index y  $2.10  nd 


This  book  was  written  to  supply  a  need  felt  by  the  author  in 
giving  a  course  of  lectures  on  Applied  Electrochemistry  in  the 
Massachusetts  Institute  of  Technology.  There  has  been  no  work 
in  English  covering  this  whole  field,  and  students  had  either  to 
rely  on  notes  or  refer  to  the  sources  from  which  this  book  is  com- 
piled. Neither  of  these  methods  of  study  is  satisfactory,  for  notes 
cannot  be  well  taken  in  a  subject  where  illustrations  are  as  impor- 
tant as  they  are  here ;  and  in  going  to  the  original  sources  too 
much  time  is  required  to  sift  out  the  essential  part.  It  is  believed 
that,  by  collecting  in  a  single  volume  the  material  that  would  be 
comprised  in  a  course  aiming  to  give  an  account  of  the  most  im- 
portant electrochemical  industries,  as  well  as  the  principal  applica- 
tions of  electrochemistry  in  the  laboratory,  it  will  be  possible  to 
teach  the  subject  much  more  satisfactorily. 

The  plan  adopted  in  this  book  has  been  to  discuss  each  subject 
from  the  theoretical  and  from  the  technical  point  of  view  sepa- 
rately. In  the  theoretical  part  a  knowledge  of  theoretical  chem- 
istry is  assumed. 

Full  references  to  the  original  sources  have  been  made,  so  that 
every  statement  can  be  easily  verified.  It  is  thought  that  this  will 
make  this  volume  useful  also  as  a  reference  book. 

An  appendix  has  been  added,  containing  the  more  important 
constants  that  are  needed  in  electrochemical  calculations. 
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The  Elements  of  Electrical  Elngineering 

A  Texi-Buok  for  Technical  Schools  ami  Colleges 

By  \     LMAM  S.   FRANKLIN  and  WILHAM  ESTV 

Both  of  Lehigh  University 

Vol.  I.     Direct-Current  Machines,     Electric  Dtstribation  and  Ligbting 

^/7  Sw  pages,  $4.50  net 

g  Cumnts 
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Dynamo  I  ary  Manual 

By  WILLIAM  S.  FR.  and  WILLIAM  ESTY 

Vol.  I.    Direct  ladies  and  Testa 

Cloth,  152  Svo  pages,  ti.js  net 

Vol.  n.    Alternating  Currents  —  Studies  and  Teats 
Preparing 

Dynamos  and  Motors 

A  Text-Book  for  Colleges  and  Technical  Schools 

By  WILLIAM  S.  FRANKLIN  and  WILLIAM  ESTY 

Direct-Current  and  Alternating-Current  BCacblnea 

Cloth,  4SQ  Svo  pages,  $4,00  net 

Electric  Waves 

An  Advanced  Treatise  on  Altemating-CnrTent  Theory 

By  WILLIAM  SUDDAR[>S  FRANKLIN 

Professor  of  Physics  in  l-ehigh  University 

Cloth,  j/5  S-M  pages,  $3.00  net 
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TEXT-BOOKS  ON  PHYSICS,  ETC 

A  History  of  Physics  in  its  Elementary  Branches 

By  FLORIAN  CAJORI,  Ph.D.,  Professor  of  Physics  in  Colo- 
rado College. 

^22  pages.    $i.6o  net 

This  brief  popular  history  gives  in  broad  outline  the  development  of  the 
science  of  physics  from  antiquity  to  the  present  time.  It  contains  also  a 
more  complete  statement  than  is  found  elsewhere  of  the  evolution  of  physi- 
cal laboratories  in  Europe  and  America.  The  book,  while  of  interest  to  the 
general  reader,  is  primarily  intended  for  students  and  teachers  of  physics. 
The  conviction  is  growing  that,  by  a  judicious  introduction  of  historical 
matter,  a  science  can  be  made  more  attractive.  Moreover,  the  general 
view  of  the  development  of  the  human  intellect  which  the  history  of  a 
science  affords  is  in  itself  stimulating  and  liberalizing. 

A  Text-BocJc  on  Sound 

By  EDWIN  H.  BARTON,  D.Sc.  (Lond.),  F.R.S.E.,  A.M.I.E.E., 
F.Ph.S.L.,  Professor  of  Experimental  Physics,  University  College, 
Nottingham. 

68^  pages.    $3.00  net 

**  The  admirable  choice  and  distribution  of  experiments,  the  masterly  char- 
acter of  the  discussions,  the  ample  scope  of  the  work  and  its  attractive 
typography  and  make-up,  constitute  it  a  welcome  addition  to  the  text-books 
of  this  division  of  physics."  —  D.  W.  Hering  in  Science. 

Photography  for  Students  of  Physics  and  Chemistry 

By  LOUIS  DERR,  M.A.,  S.B.,  Associate  Professor  of  Physics 
in  the  Massachusetts  Institute  of  Technology. 

^43  PH^-     $I'40  net 

**  The  book  is  a  most  successful  attempt  to  present  a  discussion  of  photo- 
graphic processes,  so  far  as  their  theory  may  be  expressed  in  elementary 
form,  in  such  a  way  that  ^e  ordinary  photographic  worker  may  secure  a 
definite  knowledge  of  the  character  and  purpose  of  the  various  operations 
involved  in  the  production  of  a  photographic  picture.  ...  In  other  words, 
he  has  sought  to  fill  that  wide  and  somewhat  empty  middle  ground  between 
the  good  handbooks  that  are  so  common  and  the  monograph  which  is 
often  rather  technical  and  always  limited  to  some  particular  aspect  of 
photography." —  Camera  Craft, 
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Electric  Waves 

By  WILLIAM  SUDDARDS  FRANKLIN,  Professor  of  Phj-aa 
in  Lehigh  University.  An  Advanced  Treatise  on  Alternating- 
Cuirenl  History. 

3'5  paS'i-  Jj  -M  «* 
"The  author  stales  thai  as  it  is  most  important  Air  the  u|>eraling  engincR 
to  be  (uniliar  with  ibc  pbpics  ol  machines,  the  object  of  Ihii  tieatisc  iiU 
develup  the  physiusi  ot  conceptual  aspect!  of  wave  motion,  that  is,  "  ho« 
much  waves  wave,"  and  that,  with  the  excepticiD  of  the  theoiy  of  cou^lnl 
eiicuits  and  resonance,  it  is  beliered  that  the  "  how  much '"  aspect  of  tb« 
subject  is  also  developed  lo  an  extent  cammcnsarBle  with  obtainable  data 
and  the  [csults  derived  from  thero.  While  ibis  treatise  is  stated  to  I>e  mai- 
piele  both  malheaialically  and  physically,  as  far  as  it  goes,  the  stadent  a 
referred  lo  other  works  for  the  more  elabotate  malhematical  ijcvelopments.'' 
—  /V««rfinp  of  Ike  ^•Htri.an  Soiitly  of  Civif  J^ngineer,. 

Modern   Theory  of   Physical   Phenomena.   Radio -Aclivitj-, 
Itxis,  Elections 
By  AUGUSTO  RIGHI,  Professor  of  Physics  in  the   Univeraiiy 

of  Bologna.  Amhori£ed  l>ansiation  by  AUGUSTUS  TROW- 
BRIDGE, Professor  of  Mathematical  Physics  in  the  University 
of  Wisconsin. 

16}  pofes.  t'-iomtt 
"The  liltic  hook  before  ui  deab  in  a  light  and  iaterescing  iDannet  with  lfa« 
conceptions  of  the  physical  world  which  have  been  used  of  late  in  invesli- 
galinfj  ihc  phenomena  uf  iiehl,  eleclricily,  and  radio-activity.  Il  slates  the 
results  of  recent  inquiries  in  a  clear  and  intelligible  manner,  and,  if  the 
account  of  the  methods  used  in  reaching  the  results  sometimes  seems  in- 
adequate, the  diRiculty  of  explaining  thole  methods  to  non-scientilic  readers 
may  he  uiged  as  an  excuse."  —  NaiMre, 

Notes  and  Questions  in  Physics 

By  JOHN  S.  SHEARER,  B.S.,  Ph.D.,  Assistant  Professor  of 

Phvsics,  Cornell  University. 
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